Baseline Normative Brainstem Auditory Evoked Response in Special Operations Multi-Purpose Canines, Unclassified by Sonstrom, Kristine E

 
 
 
 
 
 
 
 
 
Baseline Normative Brainstem Auditory Evoked Response in  
Special Operations Multi-Purpose Canines 
Unclassified 
 
PhD Candidate:  Kristine E. Sonstrom, AuD, MS 
Academic Committee:  Chair:  Peter M. Scheifele, MDr, PhD, LCDR USN (Ret) 
Robert W. Keith, PhD, Brian R. Earl, PhD, CCC-A, FAAA, Sarah C. Couch, PhD, RD 
 
 
A Dissertation Submitted to the  
Graduate School 
Of the University of Cincinnati 
 in Partial Fulfillment of the 
Requirements for the Degree of 
Doctor of Philosophy 
In the Department of  
Communication Sciences and Disorders 
 
2015
ii 
 
Abstract 
Special Operations in Command Multi-Purpose Canines (SOCOM MPCs) are extremely effective 
at executing tasks necessary for the protection, security and welfare of the human population, 
often in the most demanding environments.  They receive extensive training which is vital to 
ensure the successful outcome of each mission as required by special operations.  Therefore, 
Multi-Purpose Canines play an important role in preventing injury and death to United States 
military and service personnel.  However, there are physical and psychological consequences 
than can result from the execution of required tasks.  These consequences can substantially 
reduce their ability to perform effectively in theatre.  During training and wartime, SOCOM 
MPCs are exposed to significant noise levels on a regular basis, without the current use of 
hearing protection.  Evidence suggests these dogs are presenting with audiologic abnormalities, 
including auditory deprivation, hyperacusis and deficits in auditory processing.  Audiologic 
symptoms can be detectable and measurable by objective criteria, namely the Brainstem 
Auditory Evoked Response (BAER).  The BAER test is a means of obtaining ear specific 
information from recording neural activity generated from the cochlear nerve and brainstem in 
response to a controlled sound stimulus.  Since the 1970s, BAER testing has been used as the 
gold standard for assessing auditory function in canines (Scheifele & Clark, 2012).  The use of 
BAER testing in SOCOM MPCs to assess auditory function and threshold is investigated.  Results 
from SOCOM MPCs are compared to findings from Non-MPCs, with no known significant 
exposure to noise.  Ranges were established for important waveform components of the BAER 
test across several intensities.  Additionally, the preliminary use of the Auditory Middle Latency 
Response (AMLR) is investigated in Non-MPCs.  The AMLR is a means of assessing higher order 
auditory-cognitive function.  Findings are encouraging for both auditory assessments.  The BAER 
test is suggested to be an effective means of assessing the auditory pathway in SOCOM MPCs as 
a quick, practical screening tool prior to, during and following training and wartime.  Descriptive 
statistics indicate that the latencies of important BAER waveform components are within an 
acceptable range compared to Non-MPCs.  Preliminary findings additionally suggest that BAER 
thresholds in SOCOM MPCs are overall higher than Non-MPCs for most of the dogs tested.  
Almost all SOCOM MPCs tested had a significant history of noise exposure.  The AMLR response 
was recorded successfully in 25 Non-MPC dogs.  Latency values of important components were 
within the accepted range.  Findings from this research are preliminary.  Large scale studies are 
warranted to establish baseline normative data prior to noise exposure within this population. 
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CHAPTER 1: Introduction and Background 
1.1 Statement of the Problem and Special Operation Command Requirements 
Special Operations in Command Multi-Purpose Canine(s) (SOCOM MPCs) are extremely 
effective at executing tasks necessary for the protection, security and welfare of the human 
population, often in the most demanding and threatening environments.  SOCOM MPCs are 
highly effective at detecting Improvised Explosive Devices (IEDs), chemicals, narcotics and 
dangerous and/or wounded individuals.  There is an extensive amount of training necessary for 
MPCs that perform in special operations.  Their training is vital and is required to ensure a 
successful outcome of each mission as required by SOCOM. Consequently, MPCs play an 
important role in preventing injury and death to United States military and service personnel.  
Nonetheless, there are physical and psychological consequences than can result from the 
execution of required tasks.  Like humans, canines can react to the stresses of demanding 
environments with symptoms of Post-Traumatic Stress Disorder (PTSD), known as Canine PTSD 
(C-PTSD; Texas A&M Veterinary School, 2010). They can sustain Traumatic Brain Injuries (TBIs) if 
within close proximity to significant events, such as blast explosions, as do their handlers and 
surrounding military personnel.  Any associated physical and psychological symptoms can 
substantially reduce their ability to perform effectively in theatre.   
 
There is evidence to suggest that there are audiologic abnormalities associated with these 
symptoms, including: auditory deprivation, hyperacusis, hyper-reactivity and tinnitus.  With the 
exception of tinnitus, all these symptoms are detectable and measurable by more objective 
criteria than observation.  Hyperacusis is an increased sensitivity for sound perception and 
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hyper-reactivity is an increased sensitivity to stimuli, however this may or may not be sound 
related stimuli.  Hearing acuity is an important component of effective performance and is 
directly related to a dog’s response to environmental auditory cues.  There is a demand for an 
objective tool to evaluate, assess and diagnose the auditory aspects of MPC performance prior 
to, during and following service.   Current methods used to assess auditory function are 
subjective, such as observing a dog’s behavior for symptoms (i.e. hyper-reactivity to noise).  It is 
not practical or favorable to condition dogs for audiometric testing of behavioral thresholds, for 
diagnostic purposes or to evaluate unilateral hearing loss (Scheifele & Clark, 2012; Strain, 2011; 
Hall JW III, 2007).  Testing dogs behaviorally using this comprehensive audiologic evaluation is 
time consuming and would require extensive training and conditioning prior to testing. 
 
Due to the demand for a practical, rather quick screen for evaluating auditory function in 
SOCOM MPCs, the assessment of hearing via behavioral audiometry in canines is beyond the 
scope of this work.  Universal normative data for objective audiologic measures are not 
currently available for the domestic dog population or for SOCOM MPCs.  Therefore, the specific 
aim of this dissertation seeks to develop clinical norms for SOCOM MPCs using auditory evoked 
potentials, specifically the Auditory Brainstem Response (ABR), also known as the Brainstem 
Auditory Evoked Response (BAER).  A secondary aim is to establish preliminary data in dogs on 
an additional event-related potential, the Auditory Middle Latency Response (AMLR), to assess 
higher order auditory-cognitive function.   
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Since the 1970s, ABR testing has been used as the gold standard for assessing auditory function 
in canines (Scheifele & Clark, 2012).  Another name for the ABR is the Brainstem Auditory 
Evoked Response (BAER).  Going forward, the ABR will be referred to as the BAER when being 
described for electrophysiologic testing with canines and ABR when being described for testing 
in humans.  The BAER test is a means of obtaining ear specific information from recording 
neural activity generated from the cochlear nerve and brainstem in response to a controlled 
sound stimulus.  The test was originally described by Jewett and Williston in 1971. Since then, it 
has been adopted into widespread use for assessing the auditory system in individuals who 
cannot provide a behavioral response via audiometric methods or for diagnostic purposes to 
evaluate the integrity of the central auditory nervous system (Hall JW III, 2007).   
 
This dissertation will serve as the preliminary part of a larger, collaborative project with working 
dogs in the United States with military involvement and/or deployment. The establishment of 
clinical normative values for the BAER and AMLR could allow for the later identification of 
peripheral and central audiologic deficits in dogs that have completed training or time in war.  
Furthermore, this line of testing has the potential for diagnostic use with this population over 
the course of the dog’s lifetime. 
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1.2 Hypothesis and Specific Aims 
This research is necessary to establish a quick, practical and objective means of assessing the 
auditory pathway as a baseline indicator of normal auditory function.  This will allow for the 
acceptance or rejection for each candidate into the training program.  At this point there is no 
audiologic standard for what defines entry into the training program. This is the motivation for 
this research:  to establish baseline levels so that these standards can be defined.  Secondly, by 
establishing a baseline, we have something to compare to when MPCs return from theatre, 
especially provided that these dogs undergo extensive exposure to noise on a daily basis.  From 
an audiologic standpoint, SOCOM MPCs are different from Non-MPCs in that they are exposed 
to significant noise levels on a more frequent basis when compared to civilian, Non-MPCs.  
Therefore, establishing BAER norms for this specific population can be used as a baseline 
measure for candidacy into the program and for future diagnoses during and following service. 
 
Auditory electrophysiology is by no means a replacement or a substitute for the behavioral 
audiogram (Popper and Fay, 2014) and is not, by definition, a conscious test of hearing (Hall JW 
III, 2007; Hood, 1998).  In humans, there are cases of central deafness in which the patient 
presents with a normal ABR and there are cases in which the patient will have normal hearing 
and present with an absent ABR.  Lastly, there are disorders (i.e. auditory neuropathy) in which 
the patient will present with an absent ABR and present otoacoustic emissions (OAEs), a test 
measuring the direct response from the hair cells of the cochlea (Hall JW III, 2007; Hood, 1998).  
This leads to an important discussion; the test battery is critical. When the ABR is used in 
conjunction with other assessments, it can be used to “infer auditory sensitivity” (Hood, 1998, 
5 
 
pp. 13).  As stated by Sininger and Hyde (2009): The ABR is a “byproduct or epiphenomena of 
neural events that underlie hearing (Sininger and Hyde, 2009, pp. 304).”  Certainly, it is 
essential that the cochlea is intact in order to obtain the BAER; however, the BAER is not 
directly measuring a response from the cochlea or from the organ of hearing (organ of Corti).   
 
Obtaining a behavioral audiogram in an animal can take an extensive amount of time, from 
weeks to months, due to the level of animal training and operant conditioning required.  On the 
other hand, the BAER test offers a shorter recording time and is a more practical, favorable 
approach (Heffner & Heffner, 2014).  Nevertheless, a means of evaluating comparative results 
between the behavioral audiogram and frequency specific BAER test through conditioning and 
training is of interest.  Much of what we know today via behavioral testing is adapted from 
measures taken over 30 years ago (Fay, 1988; Heffner, 1983; Lipman & Grassi, 1942).  Likewise, 
establishing true (frequency-specific) BAER thresholds through diagnostic testing is warranted.  
Although this research is warranted, the current project solely seeks to establish BAER norms 
for the SOCOM MPC population utilizing a quick, practical screening measure.  This measure 
will be used as an indicator of physiological hearing in SOCOM MPC.  The following hypothesis 
will be addressed:   
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H1:  There is no significant difference in latency for wave V and V Trough (VT) of the brainstem 
auditory evoked response (BAER) at equivalent stimulus intensities between SOCOM MPCs and 
non-MPCs. 
Specific Aim 1: To determine the normative range for wave V and V Trough (VT) of the BAER in 
SOCOM MPCs and determine if there is a difference in latency of these components between 
SOCOM MPCs and non-MPCs.  These norms will be used for two purposes:   
(1) To establish the acceptable latency range for wave V and V trough in SOCOM MPCs to 
be used for future entry level candidates into training 
(2) To allow for the identification of potential disorders of the auditory system that would 
necessitate further diagnostic testing prior to entry into training and following service 
 
H2:  There is no significant difference in BAER baseline threshold intensity levels between 
SOCOM MPCs and Non-MPCs. 
Specific Aim 2:  Determine the baseline threshold intensity in SOCOM MPCs and qualitatively 
determine if this baseline level is different than for Non-MPCs.  Intensity thresholds will be used 
for two purposes:   
(1) To determine what the dogs entry level baseline threshold intensity is to be used for 
future diagnostic testing during and following service 
(2) To assess the integrity of the dogs central auditory pathway bilaterally to be used as an 
indicator of acceptance or rejection into training and to ensure the dog can adequately 
perform required tasks for special operations 
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1.3 The History of Auditory Evoked and Event Related Potentials  
 Auditory Evoked Potentials (AEPs) were first discovered in the 1930’s by Hallowell Davis, 
following the discovery of the human electroencephalogram (EEG) in 1924 by Hans Berger.  
Both are methods of recording electrical activity generated by the brain or the central nervous 
system, however, they differ in the nature of the recording.  The EEG is distinct from an AEP in 
that it records spontaneous electrical activity generated from the central nervous system via 
electrodes along the scalp.  Voltage fluctuations resulting from ionic currents within brain 
neurons are measured in the absence of an evoked stimulus (Niedermeyer & Silva, 2004).  AEPs 
are electrical potentials recorded from the peripheral or central nervous system in direct 
response to brief duration auditory stimuli, such as a click or tonal stimuli. This is different from 
an event related potential (ERP), a term used to describe evoked responses elicited with more 
complex stimuli, other than a simple sequence of brief duration clicks or tones.  ERPs, such as 
the auditory middle latency (AMLR) or auditory late latency response (ALLR), are elicited from 
endogenous stimuli from within higher cognitive levels (Mendel et al., 1999).  
Electrophysiological activity can also be recorded from other senses aside from the auditory 
system, including the somatosensory and visual systems.   
 
Another early identified AEP is the cochlear microphonic, initially discovered in the cat by 
Wever and Bray in 1930.  This potential is an alternating current voltage that reflects the 
waveform of the evoking acoustic stimulus, generated predominately by the outer hair cells of 
the inner organ of hearing (organ of Corti).  The cochlear microphonic is proportional to basilar 
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membrane displacement (Eggermont, 1974).  This work focuses on the use of the ABR and 
AMLR; for an expanded discussion on additional AEPs or ERPs, refer to Hall JW III (2007).   
 
Davis and colleagues discovered the first human AEP through a tympanic membrane 
perforation next to the round window of the middle and inner ear in the 1930’s (Hall JW III, 
2007).  The Auditory Brainstem Response (ABR), also known as the Brainstem Auditory Evoked 
Response (BAER), is the AEP of interest for the current study.  Of further interest is the use of 
the event related potential AMLR in the canine population.  The AMLR was first described by 
Geisler and Rosenblith in 1958 (Hall JW III, 2007).  Several studies by Goldstein and colleagues 
followed its discovery in the late 1960s-1970s.  Folmer and colleges (2011) suggest that the 
ALLR was likely the first to be discovered and described because of their large amplitudes when 
compared to the other evoked action potentials.  The ABR was not discovered until the 1970’s 
by Jewett and Williston.  The ABR records neural activity generated in the cochlear nerve and 
brain stem in response to auditory stimuli.  The response can be obtained reliably in an awake, 
sedated or anesthetized state (Hall JW III, 2007).   
 
Since the discovery of AEPs and ERPs, there has been a growth in research for diagnostic and 
clinical purposes in several areas, including, but not limited to: hearing impairment and 
pathology, temporal lobe pathology, Meniere’s disease, infant responses and pediatric 
normative data, central nervous system pathology, multiple sclerosis, brain damage and head 
injury, acoustic tumor detection, dementia (effects of aging), alcohol effects, schizophrenia, 
auditory neuropathy, intraoperative monitoring, intensive care unit monitoring, cortical 
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pathology, and speech processing (Hall JW III, 2007).  Much of this interest is clinically directed 
towards humans; however, our focus is on the canine population.   
 
AEPs have been used and identified among several species aside from humans.  The study of 
AEPs in canines began several years following their discovery in humans.  They were initially 
used as a screening tool to evaluate auditory function.  The use of the BAER in dogs began in 
the 1980’s by several researchers (Kay et al., 1984; Myers et al., 1985; Sims & Moore, 1984a; 
Knowles et al., 1988; Munro & Cox, 1997; Webb, 2009) (Tables 5-6).  It is suggested that there is 
great potential for its use as a diagnostic tool to evaluate central auditory dysfunction (Legatt, 
1999; Chiappa, 1997).  As previously mentioned, there is evidence that suggests audiologic 
abnormalities can be associated with psychological and physical anomalies such as C-PTSD and 
TBI.  The specific aims of this research is to investigate and establish universal BAER baseline 
norms in SOCOM MPCs to allow for diagnostic testing during and following service and 
secondly, to determine if the BAER in SOCOM MPCs clinically differs from the BAER in Non-
MPC.  A secondary aim is to introduce preliminary data for the AMLR in unsedated Non-MPCs 
to investigate its potential use for the assessment of higher level auditory-cognitive function in 
dogs.   
 
 
 
 
 
10 
 
1.4 The Belgian Malinois 
The dog (Canis lupus familiaris) breed, Belgian Malinois, is one of four varieties of the Belgian 
Shepherd dogs from Europe.  They are commonly used as SOCOM MPCs.  The first two Malinois 
were imported into the United States in 1911, including the Belgian Blackie American Kennel 
Club #148516 and Belgian Mouche American Kennel Club #148517 (www.malinoisclub.com, 
accessed 5/27/15).  Towards the latter part of the 1900’s, the Malinois was established as a 
breed along with three other varieties of the Belgian Shepherd dog including the Groenendael, 
Tervuren and Laekenois.  The Malinois was officially recognized by the American Kennel Club 
(AKC) in 1959.  The Belgian Malinois originated from Belgium and belongs to the herding group.  
  
The Belgian Malinois is a medium breed of dog, with males weighing 64-75 lbs. (29-34 kg) and 
females weighing 55-66 lbs. (24-30 kg).  Males are approximately 24-26 inches (61-66 cm) in 
height, while females are approximately 22-24 inches (56-61 cm) in height.  Malinois have a 
short coat, fawn to mahogany with black markings in color.  They have a double layer coat, 
short, straight and weather resistant with black tips on the hairs.  Their mask, nose and ears are 
typically black with their tail and back end being a lighter fawn.  When standing on all four legs 
and the topline is viewed from the side, the body of the Malinois is square in appearance.  They 
have a deep chest, with a level topline sloping slightly at the withers.  Their head is 
proportionate to their body, with a flat skull, pointed muzzle and almond-shaped brown eyes.  
Their ears stand erect, triangular in shape.  Malinois have a strong tail with feet that are cat-like 
in shape.  They resemble the German shepherd in appearance however they have more of a 
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square stature as described above (http://www.dogbreedinfo.com/belgianmalinois.htm, 
accessed 5/27/15). 
 
Belgian Malinois live a lifespan of approximately 12-14 years.  Their average litter size ranges 
from 6-10 puppies.  Common health problems prevalent with the breed include cataracts, 
epilepsy, thyroid disease, progressive retinal atrophy, and hip and elbow dysplasia.  However, 
many of problems have been minimized through selective breeding (www.malinoisclub.com, 
accessed 5/27/2015).   
 
Belgian Malinois are working dogs used frequently for the secret service, police work and the 
Department of Defense (DOD).  They are the ideal breed used for military special operations, 
such as with the detection of the former known terrorist leader, Osama bin Laden, in 2011 
(Viegas, 2011).  Malinois are trained to detect specific odors such as narcotics, explosives, and 
accelerants for arson investigations.  Furthermore, they are used to detect humans for suspect 
apprehension and for search and rescue missions.  From a companionship standpoint, Malinois 
are trained for sport work including dog agility trials, fly ball, herding, obedience, showmanship 
and tracking events.   
 
This breed of dog is highly intelligent, friendly, athletic, muscular, protective, alert and hard 
working.  Their sense of smell is significantly better than a human’s sense of smell (Syrotuck, 
1972).  As with any dog, socialization is extremely important with Malinois to prevent shyness 
and help with the development of desired behaviors.   They exert among the highest activity 
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levels when compared to other dog breeds and may develop aversive behaviors if not provided 
adequate exercise, training and stimulation.  The Belgian Malinois is shown in Figure 1. 
 
Figure 1: The Belgian Malinois, adapted from www.ccprotectiondogs.com, Copyright 2015 by 
Command Control Protection Dogs, reprinted with permission 
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CHAPTER 2: The Canine Auditory System 
2.1 Canine Anatomy and Physiology 
The anatomy and physiology of the dog’s ear is similar to the human’s, with two exceptions.  
The dog’s external auditory canal is L-shaped with both a vertical and horizontal portion, 
whereas the human’s canal is essentially oriented horizontally (Figure 2).  Secondly, the dog’s 
cochlea has approximately 3 ¼ turns as opposed to the human’s with 2 ½ turns.  The dog ear 
has the three major anatomical regions: the outer, middle and inner ear.  The function of the 
pinna in the dog is similar to that of the human, to help collect and direct sound into the outer 
and middle ear.  The division between the outer and middle ear space is the tympanic 
membrane, behind which are the three auditory ossicles: malleus, incus and stapes.  The inner 
ear is composed of the auditory system (cochlea) and the vestibular system (semi-circular 
canals and surrounding structures).  The cross section of the cochlea is similar to that of 
humans, including the following components:  scala vestibuli, scala media, scala tympani, inner 
hair cells, outer hair cells, tectorial membrane, Reissner’s membrane, stria vascularis, organ of 
Corti, cochlear and vestibular nerve fibers (Figures 2- 4).  
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Figure 2. Anatomy of the canine ear.  Image reprinted from the copyright owner, Hill’s Pet 
Nutrition, from the Atlas of Veterinary Clinical Anatomy, with permission.  
 
Dogs, like humans, have structures along their brainstem, midbrain and cortex which serve as 
generator sites for auditory evoked potentials.   The waves of the BAER are thought to generate 
from the auditory nerve, cochlear nucleus, nucleus of lateral lemniscus, inferior and caudal 
colliculus, and possibly the medial geniculate body, however, the specific generator sites for 
each wave past the auditory nerve remains controversial in both dogs and humans.  Early on, 
Sims (1988) reviewed findings that suggest wave I occurs from the auditory nerve, wave II from 
ipsilateral cochlear nucleus and (possibly) unmyelinated regions of CN-VIII, wave III from the 
ipsilateral and/or contralateral dorsal nucleus of trapezoid body and wave V from the ipsilateral 
and/or contralateral caudal (inferior) colliculus as the generator with the central nucleus 
(amygdala) as the primary source.  Therefore, more than one generator site along the central 
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auditory pathway may contribute to each of the waves of the BAER.  Nomenclature for each 
wave in the dog remains inconsistent in the literature (see Kawasaki & Inada, 1994; Scheifele & 
Clark, 2012).  Refer to the Figures 3-4 below for graphical representations of these anatomical 
structures.     
 
  
 
Figure 3: Central auditory pathway.  Image reprinted from copyright owner, with permission 
(http://embryology.med.unsw.edu.au/embryology/images/1/1e/Auditory_neural_pathway) 
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Figure 4. Detailed structures of a cross section of the cochlea.  Image licensed under GNU Free 
Documentation License, Wikipedia - “Cochlea.” 
 
The auditory processing pathways and connections underlying the processing of auditory 
information in dogs have been described in detail by a number of authors (Kosmal, A., 2000; 
Malinowska & Kosmal (2003); Siniscalchi, M).  Kosmal and colleges (2000) have described in 
detail the intracortical connections underlying auditory processing, including those regions of 
the temporal cortex, the ectosylvian, composite posterior and sylvian gyri.  The thalamofugal 
connections from specific nuclei of the medial geniculate body of the brainstem, posterior 
thalamus of midbrain and the lateromedial-suprageniculate complex were described as the 
specific projection pathways to the temporal cortex for auditory processing.  This research 
suggested that both thalamocortical and intra-cortical connections indicate that auditory 
processing in the cortex occurs in successive, hierarchically organized stages and in two primary 
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anterior and ventral pathways (Kosmal, 2000).  This highly structured organization of the dog is 
similar to that of the human (Musiek & Baran, 1986), and nonhuman primates (Rauschecker & 
Scott, 2008).     
 
Siniscalchi and colleges (2008) suggest that dogs have hemispheric specialization for processing 
auditory information.  Specifically, the left hemisphere responds primarily to learned patterns 
and familiar stimuli, such as those vocalizations from conspecifics, or from members of the 
same species (a conspecific is a member of its own kind).  The right hemisphere responds to 
novel stimuli and those which elicit intense emotions, such as fear, aggression, or “fight or 
flight” responses.   
 
Lastly, the auditory threshold response of the dog differs from the human.  The accepted 
threshold range of hearing in humans is from 20 Hz to 20 kHz, whereas in dogs they range from 
40 Hz to 60 kHz (Rossing, 2007; Fay & Popper, 1994; Fay, 1988; Heffner, 1983).  Figure 5 
represents a compilation of reports on hearing thresholds across different breeds as 
determined by operant conditioning, behaviorally (Strain, 2011).  Former behaviorally-derived 
thresholds are currently being compared with auditory electrophysiological data to verify and 
accurately determine acuity in animals.  The variability of the hearing frequency range within 
the canine species has not been widely established in the literature; however, this body of 
research is growing.  Note the minimal variation in frequency response across the breeds, 
despite their wide range of body and head size.  Studies have previously indicated that head 
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size is not clinically significant when recording the BAER in dogs (Munro et al., 1997; Kemper et 
al., 2013).  Audiograms constructed from two studies were compiled by George Strain (2011) as 
indicated below (Figure 5). (Lipman & Grassi, 1942; Heffner, 1983; Fay, 1988; Strain, 2011). 
      
Figure 5.  Graphic representation of canine hearing threshold curve.  Adapted from Strain 
(2011): Audiograms constructed from reports on hearing thresholds determined by operant 
testing. (a) Readings (average) from one study on 11 dogs (Lipman & Grassi, 1942) and from 
four studies on different breeds (Heffner, 1983) (Strain, 2011; Heffner, 1983; Lipman & Grasi, 
1942; Fay, 1988), reprinted with permission. 
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CHAPTER 3: Noise 
3.1:  Definition and Measurement Logistics 
Noise is produced by sound which travels as a compressional wave or a pattern representing 
changes in pressure or density within an elastic medium.  Sound originates from vibrating 
objects or from a rapid discharge or dissipation of energy, such as that from an Improvised 
Explosive Device (IED) (Humes et al., 2006).  The changes in pressure trigger a response from 
the auditory system.  In the current context (air), sound travels as a longitudinal wave in which 
the particle motion is along the axis of propagation.  Two important physical characteristics of 
sound include intensity and frequency.  Perceptually, intensity is the same as loudness and 
frequency is the same as pitch.  Physically, intensity is the strength of the wave, or amplitude, 
measured in terms of energy and represents the power of the sound.  The power is the rate at 
which energy is expended (work-energy used or transformed) over time.  The amplitude or 
magnitude of sound is measured in terms of sound pressure in units of pascals or by sound 
intensity in watts/m2.  Frequency is physically the rate at which a sound source vibrates over a 
specific period of time, measured in Hertz. 
 
Typically, sound levels are expressed in decibels (dB) relative to a reference.  The decibel 
represents a logarithm of a ratio of two sound pressures or two corresponding sound intensities 
(Humes et al., 2006).  In air, the reference quantity in the denominator of the ratio is either a 
sound pressure of 20 micropascals (µPa) or a sound intensity of 10-12 watts/m2, whereas in 
water, the reference quantity is 1 µPa.  Identifying the reference to a decibel level is important; 
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without identifying the reference there is a lack of context and the true sound pressure level 
can be misinterpreted by the reader. 
 
References used for sound levels become important when referring to dB levels applied for 
dogs verses those applied with humans.   The decibel is a unit of sound intensity relative to a 
reference.  Specifically, the decibel is “one-tenth of a bel, a logarithm of the sound pressure of a 
sound to a reference sound pressure (Mendel et al., 1999, pg. 68).”  Intensity levels in humans 
are referenced as dB HL, or decibels hearing level, when utilizing a behavioral audiometer.  The 
dB HL scale references accepted standards for normal human hearing, where zero dB is the 
average normal hearing for each audiometric test frequency in the human (Mendel et al., 
1999).  In other words, audiometric zero (0 dB HL) refers to the average hearing level at each 
frequency for a normal hearing human population.  Zero dB HL is not equivalent to zero dB SPL.  
For example, at 250 Hz, zero dB HL corresponds to 24.5 dB SPL (Audiometric zero, McGraw-Hill 
Concise Dictionary of Modern Medicine, 2002).   
 
When utilizing electrophysiological equipment, dB nHL, or decibels normalized hearing level, is 
used as the reference for testing humans.  dB nHL represents a decibel scale used to designate 
a short duration stimulus (i.e. click) referenced to the average behavioral threshold for a click 
stimulus of a group of normal hearing human subjects (Mendel et al., 1999).  In canines, the 
decibel reference should be relative to the actual sound pressure level (dB SPL).  Decibels 
relative to SPL represent the range of audible sound in micropascals (µPa) according to the 
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lowest mid-frequency sound pressure that can be heard under ideal free-field listening 
conditions.  When performing auditory electrophysiological BAER testing, the SPL is relative to 
peak equivalent SPL (peSPL).  Peak equivalent SPL is equal to the amplitude of a 1000 Hz tone as 
if it were equivalent to the peak of a click.  The threshold of detection in SPL at 1 kHz is 20 µPa, 
which is the reference for 0 dB SPL.   
 
Within this context, it is important to note that electrophysiological equipment is designed for 
human testing with responses labeled according to the stimulus level of dB nHL.  As previously 
stated, nHL is used to designate a short duration stimulus referenced to the average behavioral 
threshold for a click stimulus of a group of normal hearing human subjects (Mendel et al., 
1999).  However, human hearing thresholds are likely not equivalent to hearing thresholds in 
dogs, therefore, the use of nHL is inappropriate.  Physiologically, the range of hearing sensitivity 
in humans is from 20 Hz to 20 kHz, whereas in canines it ranges from 40 Hz to 60 kHz (Rossing, 
2007; Fay & Popper, 1994; Fay, 1988; Heffner, 1983).  For the readers understanding, 
conversions from nHL to peSPL are documented in chapter five.   
 
Noise levels for sound field assessments are often measured using a sound level meter based 
on an A-Weighted Sound Pressure Level (SPL) scale (dBA).  Different weighted scales are 
modeled based on the ears response to low, moderate and high levels and different 
frequencies of sound.  A-weighting sound pressure levels (dBA) are based on the frequency 
sensitivity of the human ear at low intensity levels.  dBA is a commonly used weighting scale 
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because it effectively predicts damage risk to the auditory system by filtering out much of the 
low-frequency noise, similar to the response of the human ear.  The major difference between 
A, B and C-weighted scales is the frequency range each measures.  An A-weighted filter 
emphasizes (weights) frequencies between 3-6 kHz where the human ear is most sensitive, 
while attenuating very high and low frequencies to which the ear is insensitive.  This differs 
from B or C-weighted scales (dBB and dBC), where B-weighted scales are based on frequency 
sensitivity of the human ear at moderate levels, and C-weighted scales are based on the 
frequency sensitivity of the human ear at lower frequencies.  When the average sound level of 
a noise is measured over time, it is referred to as the equivalent continuous sound level (Leq), 
and is A-weighted but not time weighted (time varying level).     
   
When measuring brief impulse sounds, such as those produced from weaponry, sound can be 
measured by adjusting the peak amplitude of the waveform for a steady-state sound (i.e. 1000 
Hz pure tone) until it matches the peak amplitude of the impulse waveform (Humes et al., 
2006).  This matched steady-state level can then be measured with a sound level meter as 
described above, and the impulse measured would be referenced as having the same “peak 
equivalent dB SPL,” denoted as pe dB SPL (Humes et al., 2006).   
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3.2:  Noise Type: Impulse Noise vs. Continuous/Fluctuating vs. Blast Trauma 
The degree to which noise affects the auditory system is directly dependent on the acoustical 
parameters of the sound, including the sound pressure level, duration and type (impulse vs. 
steady-state) of exposure (Humes et al., 2006).  There is a distinguishable difference in the 
degree to which noise affects the auditory system between continuous, or “steady-state” noise 
verses impulse noise from a single extreme noise exposure, referred to as “acoustic trauma” 
(Humes et al., 2006).  Typically, with steady state noise, damage to the auditory system occurs 
following repeated daily exposures over the course of several years, resulting in a common 
form of noise induced hearing loss (NIHL).  A hallmark feature to a NIHL is the “noise notch” on 
the behavioral audiogram, typically in the higher frequencies between 3-6 kHz, with hearing 
being normal in the lower frequencies and rising back to a normal range around 8000 Hz 
(Humes et al., 2006).  Noise generated from aircraft and land vehicles can be described as 
“steady-state” noise, whereas noise generated from weaponry and blasts are described as 
“impulse” noise, often resulting in immediate, more severe acoustic trauma.  Exposure to noise 
levels is measured using a time-weighted average, defined as the average exposure over a 
specified time period.  With NIHL, there is enough evidence to conclude that time-weighted 
average noise exposures above 85 dBA for eight hours a day over the course of several years 
pose a hazard to the human auditory system.  This hazard increases as the time-weighted 
average exposure exceeds the value of 85 dBA (Humes et al., 2006).   
 
24 
 
The source of pressure and waveform characteristics differ between impulse noises generated 
from smaller weaponry verses impulse noises generated from heavier weapons (muzzle) or 
explosives (Patterson & Hamernik, 1997; Garth, 1994).  The peak over pressure of impulse noise 
from smaller firearms is substantially less than that produced by a blast.  There is a larger 
movement of air and combustion products associated a blast than there is with impulse noise, 
and impulse noise is often associated with a lower frequency mechanical clatter (Garth, 1994).   
Of course, auditory effects from this level of noise are dependent on ones proximity to the 
sound which is variable depending on the situation.  Effects from blasts are likely to pose a 
greater threat to the auditory system than those from lesser impulse sounds.   
 
Although much of the evidence in the literature regarding noise effects on the auditory system 
utilizes human or animal models, not including canines, there is enough evidence to suggest 
that noise exposure affects the auditory system of any mammalian ear, regardless of the 
species.  Anatomically, with the exception of cochlear turns, pinna mobility and the 90 degree 
angle of the external auditory canal, the structures of the canine’s ear are the same as that of a 
human, chinchilla, rabbit, cat, sheep or guinea pig.  All animals have an external auditory canal, 
tympanic membrane, middle ear space, middle ear ossicles and an inner ear with a cochlea that 
houses a basilar membrane and the inner and outer hair cells.  Several studies have found that 
exposure to excessive noise or blasts result in damage to these specific structures, all of which 
exist in the canine ear (refer to Patterson & Hamernik, 1997; Patterson et al., 1993; Hamernik 
et al., 1984a; Hamernik et al., 1984b; Roberto et al., 1989; Akijoshi et al., 1966; Yokoi & 
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Yanagita, 1984; Garth, 1994; Lindquist et al., 1954; Salvi, 1990 Hurley et al., 2004; Taber et al., 
2006; Kaipio et al., 2000; Kolassa et al., 2007; Childrens et al., 2013; McIntosh et al., 1999).  A 
detailed discussion regarding this research will follow in section 3.4 of the dissertation.  Based 
on the substantial amount of evidence indicating noise is damaging to mammalian auditory 
structures, it is the authors’ belief that if a canine is exposed to excessive noise levels there will 
be damage to their auditory system that parallels that of other mammalian species.   
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3.3:  Noise Source: Aircraft, Land Vehicles, Combat weaponry, Blast Exposure  
As are their handlers, MPC are exposed to military noise under three primary situations:  (1) 
Aircraft, (2) Land vehicles, and (3) Weaponry.  During training SOCOM MPCs are likely to be 
exposed to all three conditions at any point in time.  A brief description of the generator source 
of each type of noise is provided; including how this physiologically affects the auditory system.  
These will be discussed under two contexts: Temporary threshold shift (TTS) and permanent 
threshold shift (PTS).   
 
For aircraft, there are both aerodynamic and mechanical contributions of noise to the cabin and 
internal cockpit.  Noises generated from these sources consist of predominantly narrow band 
tones with associated harmonics superimposed on a low-level, broadband noise.   For example, 
the main and tail rotors of helicopters contribute to the aerodynamic noise while the revolving 
systems connected to these rotors contribute to the mechanical noise.  These revolving systems 
form the gearboxes, transmission shafts, transfer gears, auxiliary systems, drive shafts and 
surrounding equipment (NATO Task Group RTO Technical Report HFM-147, 2010).       
 
Noise generated from land vehicles can be influenced by several factors, including the 
following: Type of vehicle, vehicle propulsion system, the use of weaponry on the vehicle, 
communications, mounted equipment, interaction between the vehicle and the ground terrain, 
vehicle speed, driver skill, crewmembers position in the vehicle, vehicle loading and vehicle 
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state such as the state of the doors, windows and hatches.  These factors result in noise levels 
to vary significantly.  One article indicated the worst case noise conditions as measured from 
warrior and challenger tanks were from low frequency noise, around 100-125 Hz, generated 
from metal linked tracks striking the ground with noise being transmitted through running gear 
and the shell of the vehicle (NATO Task Group RTO Technical Report HFM-147, 2010).   
     
Impulse noise generated from weaponry or the discharge of explosives is characterized by a 
“sharp initial pressure rise followed by an exponential decay which is determined by the 
absorbing character of the environment in which it is heard (NATO Task Group RTO Technical 
Report HFM-147, 3-10, 2010).”  The energy generated from this noise is typically condensed 
into milliseconds and enough to result in significant auditory impairment for an unprotected 
ear.  Peak sound pressure levels of weaponry can vary from approximately 160 pe dB SPL to 190 
pe dB SPL, depending on the weapon utilized.  The effects of impulse noise can also vary 
depending on type of ammunition used.  During training sessions, blank ammunition is often 
used with the absence of hearing protection.  Although the peak pressure levels measured 
while firing blank ammunition is almost 10 dB less than real ammunition, this noise can cause 
significant damage to the auditory system when exposed over time without hearing protection.  
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3.4:  Noise Effects on the Auditory System 
Noise to the unprotected ear can result in temporary threshold shift (TTS) or permanent 
threshold shift (PTS).  One’s auditory threshold is the intensity level at which a stimulus is just 
barely perceptible to that individual.  Clinical standards require that the level be just high 
enough for the patient to hear the sound at least 50% of the time it is presented (Martin & 
Clark, 2012).  Typically, for a behavioral audiogram, intensity thresholds are measured using 
pure-tone stimuli across the following frequencies: 250, 500, 1000, 2000, 3000, 4000, 6000 and 
8000 Hz.  Hearing loss is diagnosed based on the degree and type of hearing loss.  The degree 
refers to the level of hearing loss, as indicated in Table 1.  The type is based on the nature of 
the hearing loss in terms of what portion of the auditory system is damaged.  A conductive 
hearing loss occurs when either the outer or middle ear (or both) is involved.  A sensorineural 
hearing loss occurs when the inner ear or eighth nerve (vestibulocochlear nerve, CN VIII) is 
involved.  A mixed hearing loss occurs when there is damage to more than one anatomical 
location (i.e. outer, middle and inner ear or eighth nerve).  Hearing loss is categorized in Table 1 
(Clark, 1981). 
Table 1. Hearing Classification (Clark, 1981) 
Degree of Hearing Loss Hearing Loss Range (dB HL) 
Normal -10 to 15 
Slight 16-25  
Mild 26-40 
Moderate 41-55 
Moderately severe 56-70 
Severe 71-90 
Profound 91+ 
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With both TTS and PTS, an individual’s behavioral response to acoustic stimuli typically falls 
outside of the normal range or outside of their sensation level (SL).  The sensation level can be 
defined as the intensity of the sound above or below that individual’s threshold (Mendel et al., 
1999).  This is often dependent on how soon the individual is tested following the noise 
exposure.  For TTS, the hearing loss is temporary in that hearing typically improves over time at 
an exponential rate (Miller et al., 1963), also dependent on the initial severity of hearing loss.  
With permanent hearing loss, the loss is permanent due to damage to the cochlear hair cells 
(Liberman and Dodds, 1984), with thresholds recovering at an elevated value (Kujawa and 
Liberman, 2009).  Although thresholds can return back to normal with a temporary threshold 
shift, residual, permanent effects to cochlear structures (inner/outer hair cells, afferent nerve 
terminals, cochlear nerve) have been shown to remain (Wang et al., 2002; Kujawa and 
Lieberman, 2009).  To determine if there is a TTS, pre-exposure, baseline thresholds are 
measured, followed by the noise exposure, followed by a re-test to determine if there is a 
threshold change.  A TTS is indicated if the thresholds have worsened from pre-exposure to 
post-exposure over time (Humes et al., 2006; Mendel et al., 1999), with measurements being 
taken prior to and within close proximity to the noise exposure.  Repeated temporary threshold 
shifts can result in a permanent threshold shift over time.  A permanent threshold shift is a 
measured increase in the threshold of audibility at a specific frequency which is above a 
previously measured threshold level (Mendel et al., 1999).  Permanent threshold shift occurs 
when the inner and outer hair cells of the inner ear are permanently affected in which they do 
not return to their original state.  Permanent threshold shift can occur immediately following an 
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acoustic trauma or can occur progressively in individuals with well-defined noise exposures 
over the course of several years.    
 
The existence of a permanent or temporary threshold shift in dogs exposed to excessive noise 
has not been established in dogs, to our knowledge.  However, preliminary evidence exists 
suggesting that this phenomenon exists.  The figures below are adapted from preliminary field 
data of noise exposure in SOCOM MPCs (Scheifele, 2014).  As demonstrated, there was a 
change in the minimum stimulus level (dB peSPL) obtained in two different MPCs obtained 
immediately prior to and following (within five minutes) continuous (aircraft) and impulse 
(gunfire and blast) noise exposure. 
 
Figure 6. Pre- and Post-BAER results in MPCs following continuous noise exposure (aircraft). 
Courtesy of Scheifele (2014) Preliminary field data MPCs in noise. North Carolina, USA 
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Figure 7. Pre- and Post-BAER results in MPCs following impulse noise (weaponry) Courtesy of 
Scheifele (2014) Preliminary field data MPCs in noise. North Carolina, USA UNCLASSIFIED 
 
 
These preliminary findings provide motivation for the current research; highlighting the 
importance of establishing audiologic baseline norms so that SOCOM MPCs can be monitored 
prior to and following significant noise exposure.  Once diagnosed with hearing loss, they can 
be monitored annually as we do with humans working under similar circumstances.  It is not 
uncommon to see PTS in patients’ with NIHL.  To note, there are several factors that can affect 
hearing outside of the work environment.  Therefore, if being monitored for NIHL within the 
work environment, it is critical that there is a valid and reliable means of measuring hearing 
thresholds over time.    
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In example, the pure-tone hearing screen protocol recommended by the American Speech and 
Hearing Association recommends testing 1000, 2000 and 4000 Hz at 25 dB HL bilaterally, in 
addition to completing a subjective questionnaire and an otoscopic evaluation 
(www.asha.org/public/hearing/Hearing-Testing/).  If the patient refers in any of these areas it is 
recommended they be referred for a comprehensive audiologic and/or medical evaluation.  
Occupations where employees are exposed to significant noise on a continual basis enforce 
screening measures at the start of the job and annually thereafter.  This becomes a 
requirement by the Occupational Safety and Health Administration (OSHA) when employees 
are exposed to levels at or above 85 dB HL averaged over eight working hours (www.osha.gov).  
Subsequent audiometric screens are compared to the baseline screen to determine whether 
the employee has lost hearing or experienced a “standard threshold shift,” as defined by an 
average shift in either the right or left ears of 10 dB HL or more at 2000, 3000 and 4000 Hz 
(www.osha.gov).  This is relevant because there is a large body of research indicating noise 
exposure is associated with hearing loss, especially in military personnel (refer to Humes et al., 
2006).  However, there are no protocols or screening measures in place for dogs working under 
similar conditions.   
 
As it does in humans, both TTS and PTS following noise exposure can affect a canine’s ability to 
hear and respond to their handler’s commands, especially in demanding environments.  There 
is evidence that indicates that all levels of hearing loss affect speech recognition in humans, 
especially in the presence of background noise (Flexer, 1999).  It is likely that canines are 
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affected in a similar way when exposed to similar situations.  This becomes important and 
should be recognized by the handler as this may require them to produce louder, more intense 
vocal commands in order to be heard.  If a vocal command cannot be heard by the dog, the use 
of hand signals typically follows, allowing for an effective execution of the required task.  These 
issues further emphasize the need for hearing protection devices, when applicable.  This 
becomes challenging if the dog needs their auditory sense when in a dangerous environment.  
Therefore, hearing protection should be carefully chosen to assist with minimizing hearing loss 
without overprotecting and reducing the individuals’ (or dogs’) situational awareness (NATO 
Task Group RTO Technical Report HFM-147, 2010).   
 
The effects of noise on both the human and animal auditory system have been well 
documented (Patterson & Hamernik, 1997; Patterson et al., 1993; Hamernik et al., 1984a; 
Hamernik et al., 1984b; Akijoshi et al., 1966; Yokoi & Yanagita, 1984; Garth, 1994; Roberto et 
al., 1989; Lindquist et al., 1954; Salvi, 1990 Hurley et al., 2004; Taber et al., 2006; Kaipio et al., 
2000; Kolassa et al., 2007; Childrens et al., 2013; McIntosh et al., 1999).  These studies have 
indicated physiological effects on the auditory system, including damage to the central auditory 
structures, surrounding pathways and effects on central auditory processing.  The outcome of 
noise effects on the auditory system have resulted in an emphasis on hearing protection 
devices in different environments, when and where applicable.  The ultimate goal is to reduce 
the risk of damage to the auditory system without reducing situational awareness.  Garth 
(1994) provides a review of the effects of blasts on the outer, middle and inner ear.  The 
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external auditory canal may suffer damage from flying debris resulting in a penetration of the 
soft tissue.  Stretching of the radial fibers of the tympanic membrane (ear drum) may occur, 
increasing compliance.  In the worst case scenario, perforations of the tympanic membrane 
may result from closed exposure to a blast.  If small fragments of squamous keratinizing 
epithelium enter into the middle ear space, a cholesteatoma, or an abnormal skin growth in the 
middle ear behind the tympanic membrane, may result (Garth, 1994).  Additionally, ossicular 
disarticulation, or separation, of the middle ear bones could be an end result.  Inner ear 
damage can vary, however, initially; an individual exposed to a blast will suffer from temporary 
threshold shift and experience hearing loss and tinnitus immediately following cessation of the 
sound.  These symptoms may or may not be short lived, depending on the extent of the 
damage to the auditory system.  In the worst case scenario, permanent threshold shift may 
result from damage to the inner and/or outer hair cells of the basilar membrane in the cochlea.  
Patterson & Hamernik (1997) explain that the hearing loss results from displacement of the 
basilar membrane secondary to the tearing or rupturing of the inner and/or outer sensory cells 
from their supporting cell attachments along the basilar membrane.  Ahroon and colleagues 
(1996) found that overall trauma to the auditory system increased as the total energy of the 
exposure (peak SPL and intensity of presentations) increased.  Salvi and colleagues (1990) found 
that following acoustic trauma, there was enhanced evoked response from the inferior 
colliculus of the chinchilla that does not appear to originate in the cochlea.  They suggested this 
may reflect a reorganization of the neural activity along the auditory pathway.  Much of the 
research in the literature describing auditory dysfunction secondary to blasts are from intense 
sound where the peak overpressures are well over 100 dB SPL (i.e. 150-200 dB SPL), and much 
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of the research on damage to the auditory system in response to blasts are from studies using 
laboratory animals, auditory models or cadaver ears.  As explained by Garth (1990) and Roberto 
and colleagues (1989), the extent of damage from blasts to auditory structures vary across 
species and cannot be directly applied to any one species, however, there are generalized 
similar effects identified in all species studied.  Auditory effects to the canine ear may differ, 
however, similar findings exist across species among the laboratory animal population and it is 
likely that when under similar situations, there are auditory effects in canines which parallel 
those found in research subjects.   
 
Given this evidence, it is inevitable that there are comparable effects to the auditory system in 
canines working under similar situations as their handlers, whether exposed to noise from land 
vehicles, aircraft, during training or while in the battlefield.  These effects likely impact canine 
hearing, especially in the absence of hearing protection devices.  Furthermore, as hearing loss 
can occur secondary to noise exposure, tinnitus, or “ringing of the ears,” is another common 
symptom which occurs in humans exposed to significant noise.  Unfortunately, tinnitus cannot 
be subjectively evaluated in canines as it is in humans, therefore; investigating a means to 
objectively measure this common phenomenon is warranted.     
 
If noise exposure is significant enough to be associated with injury to the brain, such as with a 
blast injury, research has indicated neural effects secondary to that exposure.  Non-penetrating 
TBI can lead to diffuse axonal injury (scattered destruction due to stretching and shearing of 
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white matter tracks), contusion, and subdural hemorrhage (Hurley et al., 2004; Taber et al., 
2006; Kaipio et al., 2000).  There are multiple factors that can influence the extent of the injury, 
and in some cases, diffuse axonal injury is the only presenting pathology with mTBI (Taber & 
Hurley, 2013).  Current research uses imaging to identify specific tracts affected by these events 
(Taber & Hurley, 2013; Hurley et al., 2004; Taber et al., 2006).  Furthermore, there is evidence 
that axonal injury does not show up on a structural MRI, although functional impairment may 
still be present (Chen et al., 2004).     
 
Neurotransmitters in the brain can be affected from closed head injuries. Neurotransmitters 
are chemicals in the brain that are used to relay, amplify, and modulate signals between 
neurons (cells of the central auditory system) and other cells in the body.  Neurotransmitters 
are synthesized endogenously and must be available in sufficient quantity in the presynaptic 
neuron to exert effort on the postsynaptic neuron.  They can be externally administered; 
however, a biochemical mechanism for inactivation must be present.  Examples of 
neurotransmitters include acetylcholine, norepinephrine, dopamine, serotonin, GABA, glycine, 
neuromodulators, and glutamate.  For a neurotransmitter to take an effect, the receptor is 
responsible for dictating that effect, not the neurotransmitter alone.  There are many 
neurotransmitters; a few are identified with their associated functions in Table 2.   
Table 2.  Common Neurotransmitters and Association Functions 
Neurotransmitter Function 
Acetylcholine Voluntary muscle movement 
Norepinephrine Arousal or wakefulness 
Dopamine Voluntary movement and motivation 
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Serotonin Memory, emotions, wakefulness, sleep and temperature  
GABA Inhibition of motor neurons 
Glycine Spinal reflexes and motor behavior 
Neuromodulators Sensory transmission (i.e. pain) 
Glutamate Excitation, “rapid synapses” of brain and spinal cord 
 
Following a blast injury, the brain experiences a “neurotransmitter storm” which likely 
contributes to the early neuropathophysiology of TBI and PTSD (McIntosh et al., 1999).  It has 
been documented that canines coming back from overseas are behaviorally exhibiting signs of 
PTSD, noted as Canine-PTSD, or C-PTSD (Texas A&M Veterinary School, 2010).  Physiologically, 
several neurotransmitters are released and may remain over time, and have been suggested to 
be indicative of prognostic outcome following the injury.  Hinzman and colleges (2010) recently 
indicated that TBI can result in an increased concentration of extracellular glutamate a couple 
days following the event, contributing to neuronal pathology and dysfunction.  Others have 
previously indicated that glutamate can remain elevated in the body throughout the first week 
following a TBI (Baker et al., 1993; Yamamoto et al., 1999; Zhang et al, 2001).  Markianos (1996) 
and colleges reported that dopamine and norepinephrine levels are inconsistently associated 
with poor outcome, including death, in the first few weeks following a closed head injury.     
    
Injuries to the brain have additionally been shown to affect major neural structures.  Major 
neural regions shown to be affected include the medial prefrontal cortex, anterior cingulated 
cortex, hippocampus, and amygdale (Kolassa et al., 2007).  A comprehensive review by 
Childress et al. (2013) suggests that a common finding in combat-related PTSD in veterans is a 
smaller hippocampus, a neural structure associated with memory and dementia.  They found 
38 
 
that of the population of combat related PTSD veterans studied, most studies found smaller 
hippocampi in veterans with chronic PTSD.  It was unclear if smaller hippocampi are a “risk 
factor” for PTSD development or if they are the “result of” chronic PTSD.  In either case, PTSD, 
often associated with TBI, may be associated with a smaller hippocampus which has been 
found to be a risk factor dementia according to MRI technology (Childress et al., 2013; Bremner 
et al., 1995).   
 
Though much of the previously discussed research has occurred with chinchillas, pigs, sheep, 
rats, cats or humans, it is inevitable there are parallel effects to the auditory system in dogs 
under the same circumstances.  There are three major implications noted from the above 
discussion:  
(1) It is imperative that both the handlers and trainers in school house training be aware of how 
noise affects the auditory system temporarily and permanently so that they can respond 
appropriately. 
(2) Noise generated from a number of sources is known to cause physiological damage to the 
auditory system.  There is a demand for objective tools to measure this in canines, as has been 
implemented for humans. 
(3) The importance of hearing protection devices in canines is warranted, developed to not 
overprotect or reduce situational awareness but to provide adequate auditory protection as 
they do for humans.   
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CHAPTER 4:  Auditory Evoked Potentials 
4.1 Auditory Evoked Potentials (AEPs): An Overview  
There are numerous sensory pathways in the body, all of which can be evoked from the 
auditory, olfactory, visual or tactile routes.  Different odors, tactile stimuli (i.e. shocks), images, 
or sounds can be used as stimuli to trigger action potentials.  The current research focuses on 
stimulating sensory pathways using auditory evoked potentials (AEPs).  An auditory evoked 
potential is an objective means of measuring electrical potential produced by the brain in 
response to sound stimuli by the synchronous discharge of neurons (Hall JW III, 2007).  
 
Within the auditory system there are afferent (“A”rriving at the brain, traveling upward from 
periphery to central) and efferent (“E”xiting the brain, traveling downward from central toward 
periphery) fibers.  Stimuli used to elicit AEPs cause different populations of afferent neurons to 
fire along the central auditory pathway (Figure 9).  There are a number of structures which 
constitute the ascending auditory pathway.  From a caudal to rostral direction, structures of the 
auditory brain stem include the cochlear nuclei, superior olivary complex and lateral lemniscus 
within the pons, followed by the inferior colliculus in the midbrain and the medial geniculate 
body in the thalamus (Musiek & Baran, 1986).  Signals from the afferent system leave the 
vestibulocochlear nerve and travel up the brainstem through each of these structures, 
terminating at the primary auditory cortex (Heschl’s gyrus) and planum temporale. 
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Upon activation from auditory stimuli, the evoked response or event-related potential is 
averaged by the computer and displayed as a waveform with time after stimulus onset (i.e., 
latency) on the x-axis and amplitude on the y-axis.  The resulting waveform has peaks and 
troughs which vary in latency depending on which potential is being measured.  The ABR is an 
auditory evoked potential, defined as “electrical activity evoked by sounds arising from auditory 
portions of the peripheral or central nervous system, traveling from cranial nerve VIII 
(vestibulocochlear nerve) to the cortex; recorded with electrodes (Mendel et al., 1999, pg. 21).”  
The ABR or BAER (in dogs) is comprised of five to seven peaks which occur earlier in latency, 
from 1-8 msec (Picton et al., 1974).  The ABR was first discovered in humans in the early 1970s 
by Jewett and Williston. The AMLR is an event-related potential (ERP), defined as “an evoked 
response elicited with stimuli other than a simple sequence of brief duration clicks or tones; 
usually elicited by an endogenous stimulus representing high-level processing (i.e. cognition) 
(Mendel et al., 1999, pg. 89).”  The AMLR is a sequence of waves occurring from 8 to 40 msec 
following the stimulus onset, first identified by Geisler and Rosenblith in 1958.  There are later 
event-related potentials, such as the auditory late latency response (ALLR), occurring 50-250 
msec following the stimulus onset.  The ALLR was the earliest discovered event-related 
potential by Davis and colleagues in 1939 (Hall JW III, 2007; Picton et al., 1974).   
 
A variety of stimuli can be used to elicit a response, including broadband clicks, frequency 
specific tone bursts or speech stimuli.  The type of stimulus has been shown to result in 
different responses from the brain in humans (Lew et al., 2007; Potter et al., 2001).  The 
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primary focus of the current research is to establish normative data for a widely used AEP, the 
BAER, in SOCOM MPC.  The BAER reflects activity within the auditory system stimulated by 
sounds (Hall JW III, 2007). This routine technique has been described in humans since the early 
1970s (Hall JW III, 2007) and slowly introduced into the animal industry since the 1980’s (Kay et 
al., 1984; Myers et al., 1985; Sims & Moore, 1984a; Sims, 1988).  A secondary interest is the 
preliminary investigation into the use of the AMLR in canines.   
BAER Features: Morphology and Nomenclature in Human verses Dog 
In 1994, Kawasaki & Inada produced a paper to evaluate nomenclature (labeling of BAER wave 
peaks) in dogs.  Their research indicated that there are four positive peaks (waves I, II, III, and 
IV) before a deep negative trough and fifth positive peak (wave V), a finding different than how 
the ABR was originally described.  Jewett and Williston (1971) originally describe the ABR as 
having five positive peaks (waves I, II, III, IV, and V), with V being the largest and most 
consistent wave visualized.  Per Jewett & Williston’s findings (1971, pg. 685), “Wave IV was, in 
all records, on the ascending limb of wave V, usually being little more than an inflection.  Wave 
V was the largest and most consistent wave in the period under consideration.”  This similar 
waveform morphology was observed regardless of electrode configuration or click polarity.  It 
was stated that these peaks are easily identifiable using the Ai-Cz (Vertex) configuration and 
alternating clicks.  Waves are designated in roman numerals as I, II, III, IV, V.   
 
An investigation into the literature indicates conflicting nomenclature for BAER testing in dogs.  
Research suggests that BAER waveforms are labeled inconsistently to human nomenclature 
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(Kawasaki and Inada, 1994).  These findings suggest the need for further research to allow for 
the establishment of clear and consistent protocols regarding waveform collection and analysis.  
With humans, Waves I, II, III, IV and V occur at approximately the following latencies, 1.5, 2.5, 
3.5, 4.5, 5.5 msec, respectively, in a normal hearing mature individual (Jewett & Williston, 1971; 
Hall JW III, 2007).  However, in dogs, these waves tend to occur earlier in latency and with 
different morphology (Tables 3 & 4).  Findings from a large study evaluating the latency of 
peaks III, V and the trough of V (VT) in over 300 puppies suggest that the absolute means are 
earlier than typically found in humans (Sonstrom et al., AuD Capstone, 2015).  As indicated, it is 
not uncommon to find Wave III occurring around 2.5 msec and Wave V occurring around 3.8-
4.5 msec.  Studies utilizing the BAER test in puppies suggest that maturation of the auditory 
nerve and brainstem occurs around 20 days following birth and is complete by five weeks of 
age (Strain et al., 1991; Poncelet et al., 2002).  Therefore, it is assumed that myelination was 
complete in all puppies tested in this study (Sonstrom et al., AuD Capstone, 2015).   
Table 3.  BAER peak absolute mean latencies in milliseconds (msec) of waves III, V and VT in 
puppies 5-10 weeks old 
Wave Statistic 50 dB SPL 
(msec) 
70 dB SPL 
(msec) 
90 dB SPL 
(msec) 
102 dB SPL 
(msec) 
III Mean 
SD 
2.88 
0.19 
2.60 
0.32 
2.38 
0.27 
2.34 
0.23 
V Mean 
SD 
4.11 
0.25 
3.87 
0.30 
3.87 
0.31 
3.91 
0.28 
VT Mean 
SD 
4.87 
0.25 
4.67 
0.34 
4.67 
0.33 
4.68 
0.28 
 
Important factors to consider when evaluating and interpreting the BAER response include 
waveform morphology (robustly present waves with appropriate latency and amplitude), 
waveform repeatability (waveform overlap), appropriate absolute and interpeak latency (within 
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reference range), appropriate interaural comparison and appropriate wave amplitude (within 
reference range, however variability with this measure exists) (Wilson & Mills, 2005; Scheifele 
& Clark, 2012).  An example of a canine BAER is indicated in Figure 8.   
 
 
Figure 8. Example of a normal canine BAER; peaks of Waves III and V are labeled with Roman 
numerals (III, V).  (Courtesy of Scheifele et al., with permission, 2014). 
 
Generator sites of the BAER include brainstem auditory nuclei and associated pathways (Jewett 
and Williston, 1971; Picton et al., 1974).  Folmer and colleagues (2011) produced a more 
current review of the specific generator sites for each potential, including the ABR and the 
AMLR (Table 4).  Researchers suggest that the components of the AMLR, including Na, Pa, Nb 
and Pb, are generated from the thalamo-cortical tracts, (medial geniculate nucleus, nuclei of 
thalamus, reticular formation), auditory cortex and Heschl’s gyrus, or the primary auditory 
cortex, in humans (Folmer et al., 2011; Sims, 1988) (Table 4).  
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There is less known regarding specific generator sites of the BAER and AMLR in dogs.  Current 
literature regarding BAER generator sites in dogs is partially limited to surface recordings 
obtained following induced or acquired lesions which have been confirmed by imaging, 
histological assessment and necropsy (Wilson et al., 2005; Uzuka et al., 1992; Fischer & 
Obermaier, 1994; Steiss et al., 1994).  These studies suggest that waves I, II and III of the BAER 
are generated primarily by the vestibulocochlear nerve, the cochlear nucleus and the superior 
olivary complex.  Waves IV and V are suggested to reflect one or more of the following 
anatomical structures:  lateral lemniscus, inferior colliculus and/or the medial geniculate 
nucleus (Wilson et al., 2005).  It is commonly accepted that there is more than one anatomical 
structure contributing to the later waves of the BAER (Hall JW III, 2007; Moller, 2012; Moller, 
1998).  Original reports from the veterinary community suggest that wave I reflects the cochlea, 
spiral ganglia and cranial nerve VIII, wave II reflects the cochlear nuclei, wave III reflects the 
nucleus of the trapezoid body and waves IV and V are generated from the lateral lemniscus, 
lemniscal nuclei and caudal colliculus.  The latter waves (VI and VII) are thought to be generated 
from the medial geniculate body and auditory radiations (Lorenz et al., 2004; Cunningham & 
Klein, 2007; Oliver et al., 1987).   
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Table 4.  Generator Sites for ABR, AMLR & ALLR in humans (Folmer et al., 2011) 
AEP Wave or  
Component 
Latency (msec) Neural generator site(s) 
Auditory 
Brainstem 
Response (ABR) 
I 1.5-1.9 Auditory nerve (distal) 
II 2.6-3.0 Auditory nerve (proximal), cochlear 
nucleus 
III 3.7-4.1 Trapezoid body, superior olive  
IV 4.8-5.4 Superior olive, lateral lemniscus 
V 5.4-6.0 Lateral lemniscus, inferior colliculi 
VI 7.0-7.6 Inferior colliculi, medial geniculate 
VII 8.0-9.0 Medial geniculate, auditory cortex 
Auditory Middle 
Latency 
Response (AMLR) 
Na 15-25 Medial geniculate, auditory cortex 
Pa (P20) 25-35 Thalamo-cortical tracts, medial 
Heschl’s gyrus 
Nb 35-45; Thalamo-cortical tracts, lateral 
Supratemporal gyrus (STG) 
Pb1 (P1 or P50) 40-65 Thalamo-cortical tracts, lateral 
Supratemporal gyrus (STG) 
Pb2 (P2) 60-85 Thalamo-cortical tracts, antero-lateral 
Heschl’s gyrus 
Auditory Long-
Latency 
Response (ALLR) 
 
 
 
 
 
 
N100 (N1) 75-140 Auditory Cortex; planum temporal 
and polare 
P200 (P2) 150-230 Auditory Cortex; planum temporal 
and polare 
MMN 150-250 Auditory Cortex, frontal cortex 
P300 (P3) 250-350 Reticulothalamus, frontal cortex, 
medial septal area (connects to 
hypothalamus, hippocampus, 
amygdale) 
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 A2: Planum Temporale   
GATEWAY FROM SPEECH SYSTEM  AUDITORY 
SYSTEM; “WHERE SPEECH AND AUDIOLOGY 
COME TOGETHER” 
 
 A1: Auditory Cortex: Heschyl’s 
Gyrus 
Places you in the sound field, a gateway for 
language and speech via the mammillary bodies   
 
 Medial Geniculate Body  
Thalamus; translates information to cortex for 
understanding, End of Central Auditory Nervous 
System 
 
 Inferior Colliculus  
Defines what is occurring, higher level 
processing, Midbrain, CONTRALATERAL 
 
 Lateral Lemniscus  
Lemniscus = tract; carries info up to midbrain, 
CONTRALATERAL 
 
 Superior Olivary Complex  
TRAPEZOID BODY, Pons, Compares timing, 
loudness, phase; processing of sound continues, 
CONTRALATERAL 
 
 Cochlear Nuclei  
Medulla, processing of sound begins here, 
IPSILATERAL   
 
 Proximal portion of CN VIII  
Ponto-Medullary Junction, IPSILATERAL  
 
 Distal portion of CNVIII; Modiolus  
 IPSILATERAL  
 
 Cochlea 
IPSILATERAL 
 
 
 
Figure 9: Central Auditory Pathway; the arrow 
represents the ascending pathway from the 
periphery to the central auditory nervous system 
and beyond. 
 
(Broadmans areas 41 & 42; primary auditory cortex 
includes regions of posterior superior temporal gyrus and 
portions of the planum temporal and Heschl's gyrus; image 
reprinted from copyright owner ©  (2009) Daniel 
Williamson at OpenStax College, with permission).  
Download for free at http://cnx.org/contents/c672e6c1-
83aa-4c17-82f5-da5be3643a5f@3. 
 
 
 
 
Image reprinted from 
https://embryology.med.unsw.edu.au/embryology/i
ndex.php/File:Auditory_neural_pathway.jpg, 
reprinted by copyright owner, Dr. Mark Hill with 
permission
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4.2:  The Brainstem Auditory Evoked Response in Dogs  
There is a significant amount of research investigating the use of BAER testing in dogs (Tables 5 
& 6).  This test has been extensively used as an objective tool for assessing auditory function for 
both screening and diagnostic purposes.  It is used by the Orthopedic Foundation for Animals as 
the only accepted method of screening hearing in dogs and is a requirement if owners intend to 
have their dogs in show.  The dog must pass the test in both ears; unilateral or bilateral 
deafness fails the screen.  
Table 5. A summary of studies utilizing the BAER in dogs  
BAER Category Specific Aim(s) Author/Researcher(s) 
General use of 
BAER for hearing 
testing 
Use of BAER for assessing hearing in 
dogs; Munro & Cox specified on 
Cavalier King Charles spaniels, Holliday, 
Marshall & Palumbo et al. specified on 
Dalmatians; Strain et al. investigated 
the used of bone conduction for the 
BAER 
Kay et al., 1984; Myers et al., 
1985; Sims & Moore, 1984a; 
Marshall, 1986; Knowles et al., 
1988; Sims, 1988; Holliday et al., 
1992; Munro & Cox, 1997a; 
Wilson & Mills, 2005, Webb, 
2009; Strain et al., 1993; 
Palumbo et al., 2014 
Latency/Intensity 
function 
Latency-Intensity function  Marshall, 1985; Sims & Moore, 
1984a; Poncelet et al., 2000a & 
2000b 
Maturation of the 
auditory system 
Development and maturation of the 
auditory pathway  
Strain et al., 1991; Poncelet et al., 
2002 
Etiology & 
prevalence of 
hearing loss  
Etiology, prevalence and diagnosis of 
deafness in dogs and cats 
Strain, 1996 
 Presbycusis in aging dogs indicated by 
histological evidence of cochlear 
lesions 
Ter Haar et al., 2009 
 Central nervous system lesions result 
in abnormalities of BAER test 
Steiss et al., 1994 
 Effects of otitis media on hearing in 
dogs during and following treatment  
Eger & Lindsay, 1997 
 Successful use of bone conduction in 
dogs with conductive HL 
Munro et al, 1997c; Strain et al., 
1993 
Nomenclature & Labeling of BAER peaks in dogs: Kawasaki & Inada, 1994 
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establishment of 
normative data 
electrode configuration and click 
polarity addressed 
 A dual structure within the ABR using 
an over-complete discrete wavelet 
transform  
Wilson et al., 2006 
 Normative ABR latencies for hearing 
thresholds in two dog breeds 
Shiu et al., 1997 
Acquisition 
effects  
Electrode placement effects on BAER Holliday & Te Selle, 1985 
 Filter effects on the BAER: Kawasaki & Inada, 1994 
 Comparison of click vs. tone burst 
stimuli for frequency specificity  
Uzuka et al., 1998; Ter Haar et al., 
2002; Shelton et al., 1993 
Sedation effects   Latency effects for anesthetized dogs  Myers et al., 1985 
Use of OAE’s  Electrodiagnostic evaluation of 
auditory function in dogs using OAEs 
and ASSR  
Scheifele & Clark, 2012 
 Spontaneous OAEs in dogs (9100 Hz) Ruggero et al, 1984 
Subject effects Head size and BAER testing Munro et al., 1997b; Kemper et 
al., 2013; Shiu et al., 1997 
 Testing in dogs with equilibrium deficit 
and seizures; the BAER is most useful 
when used in conjunction with EEG 
Myers et al., 1986 
 
A review of the literature indicates that there are no universally accepted clinical norms for 
dogs, including SOCOM MPC.  There is a substantial amount of variability when reviewing BAER 
testing in dogs in current, existing literature.  Selected studies that identified the latency of 
Wave V are shown in Table 6.  As indicated, there is variability among the references, stimulus 
parameters, polarities, breed and ages shown.  As stated by Hood (1998), “When comparing 
your normative test results to published norms, it is important to be sure that the stimulus, 
recording and subject parameters are the same for your testing and the results you are using as 
comparison (Hood, 1998, pp. 25).”  This is extremely difficult to accomplish with existing 
literature and emphasizes the importance of developing a standardized and systematic protocol 
for the canine population.  As shown in Table 6, the latency of Wave V is variable, which can be 
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attributed to varying acquisition and/or stimulus parameters.  There are no universal guidelines 
on the establishment of the BAER test in dogs and the literature is inconsistent.  
Table 6.  A review of select studies identifying Wave V in dogs  
Author Wave V Latency Breed/Age Stimulus Polarity Intensity/Ref 
Munro & 
Cox (1997b) 
4.52-4.83 (.95) King Charles 
Spaniels/Adult 
Click (9.1/sec) Alternating 60 dB nHL 
Shiu et al. 
(1997) 
3.67 (.10) 
3.40 (.08) 
Dalmatian/Adu
lt 
Jack Rus. Terr./ 
Adult 
Click 
(11.1/sec) 
Alternating 75 dB nHL 
Ter Haar et 
al. (2002) 
4.09 (.10) Mixed/ 
Adult 
Click (10/sec) Alternating 80 dB peSPL 
Knowles et 
al. (1988) 
3.61 (.23) Mixed/ 
Adult 
Click 
(20/sec) 
Alternating 84 dB SL 
Poncelet et 
al. (2000a) 
4.3 (.2) Dalmatian & 
Beagle/ 8 wks 
Click 
(21.7/sec) 
Alternating 90 dB nHL 
Kawasaki & 
Inada (1994) 
3.35 (.09) Unspecified/ 
Adult 
Click  Rarefaction 90 dB nHL 
Kemper et 
al. (2013) 
5.53 (.95) Mixed / 
Adult  
Click  
(19.7) 
Alternating 90 dB peSPL 
Shelton et 
al. (1993) 
3.65  Dalmatian/ 
8 wks 
Click (31/sec) Rarefaction 105 dB peSPL 
Sonstrom et 
al. (2015, 
AuD 
Capstone) 
4.11 (.25) (50 dB peSPL) 
3.87 (.30) (70 dB peSPL) 
3.87 (.31) (90 dB peSPL) 
3.91 (.28) (102 dB 
peSPL) 
Several breeds/ 
5-8 weeks 
Click 
(33.1/sec) 
Rarefaction 50 dB peSPL 
70 dB peSPL 
90 dB peSPL 
102 dB peSPL 
 
The intended purpose of the BAER test is an important consideration: to be used as a hearing 
screen or a diagnostic evaluation.  The protocols utilized to collect and analyze the response for 
each purpose differ; therefore, should be addressed independently.  The specific aim of the 
current project is to establish BAER norms for screening purposes in SOCOM MPC.  Normative 
data should be established for each protocol in dogs, as already in place for humans.  Clinicians 
and researchers need to be cautious attributing BAER norms established for humans with BAER 
testing in dogs.  Humans (Homo sapiens) and Dogs (Canis familiaris) are different species and 
there is a substantial amount of evidence suggesting that there are differences in the BAER 
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response between the two.  Consequently, data collection evaluation and interpretation should 
be addressed independently. 
 
The use of the BAER for assessing hearing in dogs began in the 1980’s by several researchers 
(Kay et al., 1984; Myers et al., 1984; Sims & Moore, 1984; Knowles et al., 1988; Munro & Cox, 
1997; Webb, 2009; Scheifele & Clark, 2012).  Strain (1996) reports common etiologies of 
deafness in dogs, including inherited congenital, acquired later-onset (inner ear pathology- 
ototoxicity, presbycusis) and acquired later-onset (outer/middle ear pathology- chronic otitis 
externa/media).  Hearing loss in dogs can be classified as either sensory/neural or conductive, 
depending on the etiology.  Presbycusis, or hearing loss in aging dogs, was indicated by 
histological evidence of cochlear lesions in a study by Ter Haar and colleagues (2009).  This 
included a decrease in inner hair cell (IHC) and outer hair cell (OHC) counts, stria ganglion cell 
packing densities in basal turn, and a smaller stria vascularis cross-sectional area in all turns, 
with greatest reduction in auditory sensitivity at 8-32 kHz (mid-high frequency region) (Ter Haar 
et al., 2009).  Eger and Lindsay (1997) studied the effects of otitis media on hearing in dogs 
using BAER testing during and following medical treatment.  Their research suggested that the 
BAER waveform morphology improved significantly following treatment.  Munro et al. (1997c) 
successfully used bone-conduction BAER testing in dogs with conductive hearing loss.  BAER 
testing has also been used to identify sensory/neural deafness in dogs in a number of studies 
(Knowles et al., 1988; Holliday et al., 1992; Marshall, 1986).  Holliday and colleges (1992) tested 
a large sample of Dalmatians, a breed with a high incidence of congenital hearing loss.  They 
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found that among the dogs tested, 648 were normal, 189 had a unilateral loss and seven had a 
bilateral loss.  Steiss and colleges (1994) found that an abnormal BAER was consistent with 
lesions of the central auditory nervous system.  
 
The latency-intensity function in dogs has been demonstrated by several researchers to 
resemble the function in humans (Marshall, 1985; Sims & Moore, 1984a; Poncelet et al., 2000a; 
2000b).  By definition, the latency-intensity function depicts a decrease in wave latency with an 
increase of stimulus intensity (Hall JW III, 2007).  The latency-intensity function reflects the 
characteristics of neural firing across different intensity levels.  Marshall (1985) evaluated the 
effects of tranquilization, non-tranquilization, sex and weight on the features of the BAER 
waveform in 24 healthy dogs, including: latency, interpeak latency, amplitude and the latency-
intensity function.  Dogs were tested across different intensities and the latency-intensity 
function was demonstrated.  There were no clinical differences among the subgroups indicated 
(Marshall, 1985).      
 
Poncelet and colleges (2000a) suggested that Beagle puppies had lower hearing thresholds than 
Dalmatian puppies.  In addition, the Wave I-V latency difference was smaller for the Dalmatian 
group.  They suggested this could be due to cochlear differences, differences in auditory 
maturational speed and/or differences in conduction time of the central auditory pathway.  An 
example of the latency-intensity function is displayed in Figure 10, recorded from a Borzoi dog 
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at four years of age, unsedated.   As illustrated, a decrease in stimulus intensity results in an 
increase in Wave V latency. 
 
Figure 10. Latency-Intensity function of the left and right ears of a four year old (unsedated 
canine), courtesy of Scheifele, Sonstrom et al. (2015).  The left ear is displayed on the left (blue) 
and the right ear is displayed on the right (red).  Intensities tested (from top to bottom) 
included 102, 82, 62, and 42 dB peSPL, respectively.  Wave V and VT of the BAER are labeled in 
each waveform. 
Development and Maturation of Auditory System: 
Studies utilizing the BAER test in puppies suggest that maturation of the auditory nerve and 
brainstem occurs around 20 days following birth and is complete by five weeks of age (Strain et 
al., 1991; Poncelet et al., 2002).  All puppies tested for the current study were at least five 
weeks of age, as also recommended by the Orthopedic Foundation for Animals.  
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Acquisition and stimulus parameters: 
A review article by Wilson & Mills (2005) describes how different acquisition factors affect 
waveform parameters including latency, amplitude and morphology.  As indicated in humans 
(Hall JW III, 2007) and in dogs (Holliday & Te Selle, 1985), changes to electrode montage can 
have effects on waveform output.  For example, in order to obtain large wave V amplitude a 
vertex site is necessary.  However, Holliday & Te Selle (1985) found that a slight shift of the 
electrode laterally from the midline can have a profound effect on the amplitude of wave I.  
Kawasaki and Inada (1994) also describe the effects electrode montage (Ai-Vertex vs. Nape-
Vertex) and stimulus polarity (alternating, rarefaction, condensation) on waveform 
morphology.  
 
Researchers have adjusted filter settings in order to minimize artifact and obtain clean 
waveform morphology (Poncelet et al., 2006; Kawasaki & Inada, 1994).  Kawasaki & Inada 
(1994) suggest using a low pass filter setting of 3 kHz and high pass filter of ≤53 Hz to attenuate 
undesirable high frequency artifact.  These filter settings were shown to be adequate for 
recording fast and slow waves and have minimal effect on waveform morphology, amplitude 
and peak latency. 
 
Wilson and colleagues (2006) found that increasing the stimulus repetition rate from 11 to 91 
clicks per second at four different intensities (70, 60, 50 and 40 dB nHL) significantly reduces 
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the amount of time necessary to obtain a BAER test in dogs.  The amplitude of the waves 
decreased with a decrease of intensity and the overall morphology was consistent at each 
intensity level; however, the morphology became poorer as the click rate increased and as the 
intensity level decreased.  Nevertheless, the use of high stimulus repetition rates allow for a 
rapid assessment of auditory function in dogs for screening purposes.  An important component 
with this study is that dogs were sedated and muscle artifact was therefore not a limitation.  
Assessing unsedated dogs at higher stimulus rates is a different issue in which peak picking may 
be more difficult at lower intensities, especially if the dog is being tested for threshold rather 
than for screening purposes.  However, if tested for screening purposes, this approach can 
decrease test time, thus, reducing myogenic artifact associated with physical movement while 
the response is being collected.   
 
Different acoustic stimuli have been shown to be effective for evaluating hearing sensitivity in 
dogs.  Tone bursts have been successfully used for frequency specificity by a number of 
researchers (Uzuka et al., 1998; Ter Haar et al., 2002; Shelton et al., 1993).  Uzuka and colleges 
(1998) found statistical differences in the latency of Wave’s I-V between click and tone burst 
stimuli.  Ter Haar and colleges (2002) assessed ten normal adult dogs with the BAER test using 
clicks and tone burst stimuli.  Their analysis indicated that overall hearing thresholds were 
lowest for click stimuli anywhere from 5 to 46 dB SPL and latencies were earlier anywhere from 
.3-.6 msec.    The greatest difference in threshold between the click and tone burst stimuli 
existed for the lower frequencies (i.e. 1000-2000 kHz).  In addition, they found that dogs were 
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most sensitive to tone burst stimuli within the range of 12-16 kHz.  Shelton and colleagues 
(1993) studied click versus tone burst stimuli in notched noise in 60 Dalmatian puppies.  They 
found that the use of frequency-specific BAERs did not appear to offer clinical advantage over 
click stimuli in the clinical setting.  However, they reported that his approach could improve our 
understanding of normal auditory development in puppies.   This should be dependent on 
whether the test is being used for a screening or a diagnostic measure.  If used for a diagnostic 
measure, it is appropriate to test across several frequencies to avoid missing a frequency-
specific hearing loss; however, if used for screening purposes this is not necessary.  Strain and 
colleagues (1993) demonstrated the use of bone conduction BAER testing in dogs to assess for a 
conductive hearing loss.  They found optimal placement of the bone stimulator was over the 
mastoid process with a rarefaction or alternating polarity.  In human audiology it is often 
recommended to use an alternating polarity to help minimize artifact.  Bone-conducted BAER 
peak latencies were significantly longer than air-conducted latencies in this study, a similar 
finding to bone-conduction ABR testing in humans (Hall JW III, 2007).  In addition, as the 
stimulus intensity increased, the peak latencies decreased and the overall amplitudes increased 
(Strain et al., 1993).   
 
An important consideration with hearing screening in dogs is that we are not obtaining 
threshold measurements as we do with “difficult to test” humans or children for the fitting of 
amplification devices.  The motivation for this line of testing in humans is to establish that 
hearing loss is not a contributing factor to the individual’s speech and language delay (if 
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present).  In dogs, we are performing a screen to determine overall integrity of the auditory 
nerve which is being used as an indicator of hearing.  The BAER test is by no means a substitute 
for the behavioral audiogram (Popper & Fay, 2014).  However, establishing responses from 
frequency specific stimuli can improve our understanding of canine hearing and provide us with 
a general measure of hearing sensitivity.  Obtaining a BAER screen is important for practical 
purposes, such as for understanding behavior or for training purposes for both the dog and 
handler.  It is not practical to behaviorally test animals via voluntary responses as we do with 
humans, thus, the idea of utilizing tone burst stimuli to predict frequency specific thresholds is 
an attractive means of determining hearing sensitivity in dogs. 
 
An Electrodiagnostic Evaluation of Auditory Function 
Given the high incidence of deafness among several dog breeds, Scheifele & Clark (2012) 
emphasize the importance of the establishment and adherence to structured protocols to 
assess hearing in dogs.  They review a number of tests of auditory function, including the BAER, 
Oto-Acoustic Emissions (OAEs) and the Auditory Steady State Response (ASSR).  Beyond the 
established use of the BAER test, there is potential for using OAEs to assess cochlear function, 
specifically, outer hair cell function.  Secondly, the authors indicate the prospective use of the 
ASSR as an attractive means of assessing frequency specific auditory function.  This test holds 
promise as being objective and efficient, allowing for rapid testing across several frequencies 
while evaluating both ears simultaneously.  The ASSR can be used as a more comprehensive 
evaluation of hearing in dogs, although, more research utilizing the test in dogs is warranted.  
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Screening and diagnostic tests reviewed in this paper suggest several means of assessing the 
auditory system in dogs, focusing on specific anatomical regions, from the cochlea, to the 
auditory nerve and beyond (Scheifele & Clark, 2012).    
 
There has been variability regarding the correlation between head size and the BAER.  Early 
findings by Pook & Steiss (1990) suggested that head dimensions and body weight were 
correlated with the latency of Wave V and the I-V inter-peak latency; however, there was no 
correlation with the latency of Wave I.  Meij and colleagues (1992) found similar findings, that 
there was a correlation with head size and body weight to wave V and the I-V inter-peak 
latency.  Current research suggests there is no clinically significant correlation between the 
BAER components and head size.  Kemper et al. (2013) found that differences in head size or 
breed do not impact the BAER in terms of waveform morphology, latency or hearing sensitivity, 
for diagnostic purposes. This study supports findings by Munro and colleges (1997b); suggesting 
that head size does not affect the BAER.  Shiu and colleges (1997) also suggested that overall 
latency values and interwave latency intervals were statistically smaller for the smaller breed 
they tested (Jack Russell Terrier vs. Dalmatian); however, no correlation to head size was found 
within each breed.  This variability emphasizes the need for systematic research in which BAER 
norms can be established across breeds.  Nevertheless, researchers emphasize that even the 
slightest statistical significance is likely not clinically significant (Strain, 2011).     
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4.3:  The Use of Auditory Evoked and Event Related Potentials in Animals 
Auditory Evoked Potentials provide an intriguing way to study how the brain functions in 
response to specific stimuli.  Some AEPs are used frequently in the clinic, either for threshold or 
diagnostic measures, such as the Auditory Brainstem Response.  Others are only used primarily 
for research purposes in hopes to gain insight on how AEPs can be used to detect or measure 
different pathologies, with the intention of applying them clinically.  Research utilizing AEPs has 
occurred in several non-human species, including mice/rats (Eriksson et al., 2005; Ruusuvirta et 
al., 1998;  Rebert et al., 1983), cats (Pincze et al., 2001; Csepe et al., 1987; Buckwald et al., 
1981; Van den Honert & Stypulkowski, 1986), macaques/primates (Nelkin & Ulanovsky, 2007; 
Javitt et al., 1992; 1994), bottlenose dolphins (Hernandez et al., 2007; Ridgway et al., 1980; 
Popov et al., 1998), rabbits (Ruusuvirta et al., 2010), horses (Lecoq et al., 2015; Johnson et al., 
1995) and dogs (Tables 5-6).  For comparative measures the focus of this section will be non-
aquatic mammals because their auditory system is vastly different from that of a land mammal 
(Au et al., 2000).  
 
There are several areas of motivation for the use of AEPs in non-human species, including the 
localization of neural structures to varying stimuli (i.e. cognitive studies), sedation effects, 
acquisition and stimuli parameter effects, age effects and the effects of neurologic deficits on 
the response.  Table 7 displays a review of select studies utilizing auditory evoked potentials in 
animals.     
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Table 7. A Review of Auditory Evoked and Event Related Potentials in Animals  
Technique and Specific Aim Author, Year, Finding 
BAER 
Aim: Identification of BAER in 
foals up to 6 months old: 
Reference values, age effects, 
rate of acoustic stimulation and 
neurologic deficits 
Lecoq et al., 2015 
Finding: No age effects observed, no significant difference 
observed for latency and interpeak latency when comparing 
foals with neurologic diseases and normal foals, however, 
an asymmetry was observed in the waveforms, reflecting a 
difference in conduction time between right and left sides 
of brainstem.   Increasing the stimulus rate did not improve 
the detection of central auditory nervous system disorders.   
BAER 
Aim: To determine ototoxic 
effects of toluene in the rat 
using the BAER 
Rebert et al., 1983 
Finding: Elevated BAER thresholds observed in rats exposed 
to toluene; the latency-intensity function was consistent 
with sensorineural hearing loss.   
AMLR  
Aim:  Effects of sedation 
(Acepromazine) on MLR 
recording in dog 
80 dB HL click used 
Murrell et al., 2004 
Finding:  Three peaks consistently identified (Pa, Nb and Pb); 
The latencies of the peaks were significantly shorter in 
awake compared to sedated dogs; however, the amplitudes 
were not significantly different.  Acepromazine sedation 
alters the AMLR response. 
AMLR/ALLR  
Aim(s): Identification of and 
“Sensory Gating”- The process of 
habituating to repeated stimuli 
(gating out) or dishabituating to 
novel stimuli (gating in) 
Bottlenose Dolphins 
Auditory Oddball Paradigm 
Hernandez et al., 2007 
Finding: P50 Response amplitude increased in response to 
oddball tone but attenuated when standard stimulus was 
repeated demonstrating sensory gating, consistent with 
higher order auditory-cognitive function (i.e. auditory 
discrimination). 
ERP (AMLR/ALLR) 
Aim: Detection of pitch deviance 
in rats 
Ruusuvirta et al., 1998 
Finding:  Oddball stimuli were neurophysiologically 
discriminated in anesthetized rats to deviant and standard 
tones in 63-196 msec latency range. 
AMLR 
Aim: Comparison of AMLR in 
conscious ponies compared to 
sedated ponies (halothane 
anesthesia), with and without 
paralysis of the skeletal muscles 
Johnson et al., 1995 
Finding: AMLR contained two positive peaks between the 
latencies of 10 and 25 msec.  The first was not abolished by 
anesthesia or muscle paralysis, the second was abolished by 
anesthesia in all but one animal tested.  The first peak was 
suggested to originate from the central nervous system and 
the second appeared to originate from the muscles, possibly 
the external auditory muscles.  The second was suggested 
to be analogous to the post-auricular waveform in humans.   
AMLR 
Aim: Development of AMLR in 
Kraus et al., 1987 
Finding: AMLR was obtained over temporal lobe from 
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animal model (Monogolian 
gerbil) and its relation to the 
human AMLR response 
gerbils ranging in age from 10 days to 3 months of life.  
Adult gerbil AMLR consists of two positive peaks at 11 and 
25 msec, respectively, with a negative component at 16 
msec.  Waveform components emerge as a function of age, 
similar to that found in humans.  Latencies decreased 
systematically with age; amplitudes increased with age from 
10 days to 3 months of life, similar to findings in humans.     
AMLR 
Aim: To identify the neural 
pathways responsible for the 
middle latency response in the 
guinea pig.   
Kraus et al., 1992b 
Finding: Inactivation of the mesencephalic reticular 
formation resulted in disruption of the AMLR (amplitude 
reduction and latency prolongation) in the guinea pig.  
Mesencephalic reticular formation input is necessary for 
normal generation of the components of the AMLR, which 
reflect primary and non-primary auditory pathway activity.   
Electroencephalographic (EEG) 
Recordings 
Aim(s):  (1) Identification of best 
electrode placement in dogs 
(2) Recordings from normal vs. 
epileptic dogs 
Pellegrino et al., 2003 
Finding: Specific anatomical sites for electrode placement 
suggested (for any dog regardless of skull type); abnormal 
activity observed from epileptic dogs.   
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4.4:  Preliminary Use of the Auditory Middle Latency Response (AMLR) in Dogs 
Event related potentials elicit responses from regions higher up the central auditory pathway 
where primary and secondary processing of auditory information occurs.  Specifically, these 
regions lie at the thalamic and cortical levels of the frontal and temporal lobes of the brain.  The 
BAER test is limited for this type of testing because it solely measures responses from 
subcortical pathways, whereas auditory processing continues at the cortical level (Hall JW III, 
2007).  An area of interest is the potential use of the Auditory Middle Latency Response (AMLR) 
to measure cortical responses from the brain responsible for higher-order, auditory-cognitive 
function in canines.  A large body of research indicates that both the amplitude and latency of 
the AMLR are affected by sedation and/or while under anesthesia (Sims, 1988; Murrell et al., 
2004; Martoft et al, 2001; Pypendop et al., 1999).  Therefore, there is interest in determining if 
this response can be accurately measured in unsedated dogs.  Provided the vital function of the 
thalamus and primary auditory cortex (Heschl’s gyrus) in hearing and auditory processing, the 
AMLR could provide a comprehensive means of assessing the central auditory pathway when 
used in conjunction with the BAER.  An example of a human AMLR is illustrated in Figure 11.  
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Figure 11: Human Auditory Middle Latency Response, adapted from “Auditory middle latency 
responses in individuals with debilitating tinnitus,” by S.M. Theodoroff, R.D. Chambers, R.L. 
Folmer, & G.P. McMillan, 2011, The International Tinnitus Journal, 16, 2, 107. Copyright 2011 by 
The International Tinnitus Journal, reprinted with permission. 
 
In addition, a future direction of this work is to investigate objective methods for recording 
event related potentials in dogs that are generated from neural regions believed to be affected 
by excessive noise or C-PTSD.  These structures could include the hippocampus, thalamus, 
hypothalamus and amygdala.  Furthermore, there may be stretching and shearing to neuronal 
axons, blood vessels and white matter tracts as described earlier in the document (Patterson & 
Hamernik, 1997; Patterson et al., 1993; Hamernik et al., 1984a; Hamernik et al., 1984b; Akijoshi 
et al., 1966; Yokoi & Yanagita, 1984; Garth, 1994; Roberto et al., 1989; Lindquist et al., 1954; 
Salvi, 1990 Hurley et al., 2004; Taber et al., 2006; Kaipio et al., 2000; Kolassa et al., 2007; 
Childrens et al., 2013; McIntosh et al., 1999).    
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Acquisition parameters for recording the AMLR are different from that of the BAER, and will be 
described in the methodology portion of the dissertation.  In general, recording of the response 
takes longer and the peaks and troughs of the waveform occur at a later latency than the BAER.  
If filters are set appropriately for the recording, it is possible to record both the BAER and AMLR 
simultaneously, as indicated in Figure 12.     
 
There has been limited research using the AMLR in dogs.  Sims and Moore (1984b) published a 
paper identifying the middle latency components in the clinically normal dog, investigating the 
effects of stimulus intensity on waveform amplitude and latency in non-anesthetized and 
anesthetized dogs.  The morphology of the waveform in non-anesthetized dogs was consistent 
with a “repeatable polyphasic configuration characterized by three to four major waves” (Sims 
& Moore, 1984b).  Due to a similar waveform configuration identified in the canine recordings, 
the authors labeled the waves in a similar fashion, with components across intensity levels 
within the following ranges (msec):  No: 7.43-7.77 msec; Po: 11.07-11.57 msec; Na: 13.62-14.20 
msec; Pa: 20.04-20.68 msec; Nb: 39.08-39.37 msec; Pb: 54.25-55.21 msec.  Varying the stimulus 
intensity did not affect wave amplitude or latency in their study.  An example of an AMLR 
recorded from a dog is illustrated in Figure 12. 
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Figure 12. AMLR in a two year old Golden Retriever; components are labeled as Na-Pa, Nb-Pb.  
Note the peaks and troughs of the BAER in the first 10 msec of the response.  Courtesy of 
Scheifele & Sonstrom et al., 2015. 
Anesthetics can seriously alter or abolish waveform peaks of the AMLR.  Sims and Moore 
(1984b) found that intravenous injection of thiamylal sodium resulted in progressively 
broadened and flattened peaks, where the dosage amount was correlated with overall 
morphology.  A full dose of the anesthetic completely obliterates the AMLR response, whereas 
a lesser dosage minimized the morphologic effect of the waveform.  Pypendop and colleagues 
(1999) found that administering different combinations of sedation and anesthesia resulted in 
the abolishment of waveform peaks and/or alterations in peak latencies in dogs.  They suggest 
that the AMLR can be potentially useful in monitoring the level of unconsciousness in the dog.  
Murrell et al. (2004) found that the latencies of AMLR peaks (Pa, Nb and Pb) were significantly 
shorter in dogs that were awake when compared to dogs that were sedated with 
acepromazine.  Martoft and colleagues (2001) found similar findings in pigs; the administration 
of thiopentone anesthesia resulted in alterations to waveform latency and amplitude of the 
AMLR.  Their findings were consistent with significantly increased latencies and decreased 
amplitudes secondary to anesthesia.  Lastly, Johnson and colleagues (1995) found similar 
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effects of halothane anesthesia on the second of two identified peaks in the pony; however, the 
first peak was not abolished by anesthesia or muscle paralysis.  They suggest that the first of 
the two peaks in the pony is generated from the central nervous system, whereas the second 
appeared to originate from the ponies muscles, possibly the external auditory muscles (Johnson 
et al., 1995). 
 
Sims reported that latency ranges for some of the AMLR components in dogs and cats are 
similar to those reported for human adults and even closer to those in human infants.  
However, they do report variety of the morphological pattern of the waveform in dogs (Sims, 
1988; Sims & Moore, 1984b).  Several studies investigating the AMLR in animals focus on 
defining neural generators or evaluating the effects of sedation and/or anesthesia.  The current 
focus is to investigate whether the AMLR can be reliably recorded from an unsedated, 
conscious dog.  Long term goals are to establish normative latency and amplitude values for the 
AMLR and to investigate its potential clinical utility.  By utilizing a sequence of AEPs, including 
the BAER and AMLR, we can comprehensively assess the integrity of the central auditory 
nervous system from the auditory nerve, to the brainstem, and finally to higher-order, auditory 
cognitive regions responsible for the processing of auditory information.  Important to note, the 
signal to noise ratio, stimulus rate and conscious state of the animal has been shown to account 
for variability in auditory evoked potentials (Sims, 1988).  Therefore, our findings are 
preliminary and focus on determining if a reliable response can be obtained using consistent 
acquisition and stimulus parameters in conscious, unsedated dogs.   
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4.5 Factors Affecting the Recording:  Subject, Stimulus and Acquisition Parameters 
There are a number of factors that affect electrophysiological recordings, including the subject, 
stimulus and acquisition parameters, as described below (Hall JW III, 2007). 
a) Severity of Injury and Degree of Hearing Loss 
Injuries to the brain and auditory system can range from mild to severe.  Munjal and colleges 
(2010) found that the severity of injury is directly associated with the integrity of the auditory 
system in humans.  Using the ABR and AMLR, they found that the wave V absolute latency and 
I-V interpeak latency increased with severity of TBI.  With AMLR, they found that the amplitude 
of Waves Na and Pa decreased with increasing severity.  It is suggested that the severity of the 
injury be considered when evaluating ones auditory function (Munjal et al., 2010).  
Furthermore, as previously described, there are several studies in the literature using animal 
models to detect the effects of steady state or impulse noise on the central auditory nervous 
system (Patterson & Hamernik, 1997; Patterson et al., 1993; Hamernik et al., 1984a; Hamernik 
et al., 1984b; Akijoshi et al., 1966; Yokoi & Yanagita, 1984; Garth, 1994; Roberto et al., 1989; 
Lindquist et al., 1954; Salvi, 1990 Hurley et al., 2004; Taber et al., 2006; Kaipio et al., 2000; 
Kolassa et al., 2007; Childrens et al., 2013; McIntosh et al., 1999).  Much of this research has 
occurred with chinchillas, pigs, rats, sheep, cats or humans; however, it is inevitable there are 
similar effects to the auditory system in dogs if in a similar situation.  It is likely that the more 
severe the exposure, the more severe the injury to the central auditory nervous system.   
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TBI can also lead to other symptoms affecting the auditory system, often dependent on the 
cause and location of the injury.  Examples include hearing loss, tinnitus, perforations of the 
tympanic membrane, ossicular disarticulation and difficulties in auditory processing, as 
previously described in Chapter 3. 
 
The effects to the latency and amplitude on Wave V of the ABR in humans are dependent on 
the degree and configuration of hearing loss (Hood, 1998).  In general terms, it has been shown 
that Wave V latency and morphology is progressively affected by greater degrees of peripheral 
hearing loss, specifically, high frequency or sloping hearing loss (Coats, 1978; Bauch and Olsen, 
1986; 1987).  When the hearing loss is beyond the moderate level (i.e. beyond 50 dB HL), Wave 
I of the ABR is affected such that it may be prolonged (Coats, 1978), reducing the I-V interpeak 
latency, or even in some cases absent (Bauch and Olsen, 1986; 1987).  This is suggested to be a 
result of fewer hair cells being stimulated at the basal (high frequency) end of the cochlea and 
more cells being stimulated at the apical (low frequency) end of the cochlea (Hood, 1998). 
b) Subjects’ state of consciousness during testing 
The ABR is influenced by age, gender and body temperature, but not significantly affected by 
the subject’s state of arousal, including sleep or medications (sedatives and anesthetic agents).  
The ABR is not a direct test of hearing; however, estimated hearing thresholds can be 
generated from frequency specific tone burst thresholds from 500 to 4000 Hz.  Clicks are 
broadband; however, the frequency range of click stimuli is approximately from 1-4 kHz (Hall 
JW III, 2007). 
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The AMLR is not adult-like until 8-10 years of age.  The use of a slower stimulus rate is 
recommended for younger children.  The amplitude of Pa may be influenced by sleep and/or 
sedation, and anesthetic agents and other CNS suppressants can alter or abolish the AMLR 
response.  Muscle artifact and movement additionally affects the waveform response and the 
identification of major components (Hall JW III, 2007). 
c) Testing modality 
Event-related potentials can be recorded via a number of sensory modalities, including vision, 
motor, somatosensory and auditory modalities.  Stimuli eliciting a response may include a 
simple discrimination between two varying tones verses a more complex task, discriminating 
between categories of words.  As Lew et al. (2004) investigated, a visual modality could include 
recognizing a color in combination with the ability to discriminate a tone, assessing both the 
visual and auditory function (in humans).  Researchers additionally explored the motor modality 
in TBI patients, using electrophysiology to record facial expressions (Lew et al., 2005).  Results 
indicated a difference in response of facial expression between TBI patients and controls in 
humans.   
d) Subjects’ age and sensory system integrity 
Age affects the response from certain AEPs as previously indicated.  The integrity of the sensory 
system could affect the response of the test.  As Munjal and colleagues (2010) suggest, latency 
and amplitude responses are more affected with severe injuries than when compared to mild 
injuries.  In addition, recent animal research indicates that there is degeneration of the auditory 
nerve with aging and hearing loss, which will likely affect components of the ABR (Lin et al., 
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2011).  Age, degree and type of hearing loss should be controlled factors when performing 
auditory electrophysiology.    
e) Stimulus, parameters and protocols 
Stimulus type and protocols vary widely across studies.  In 2009, Duncan and colleges published 
a report suggesting guidelines to be used for eliciting, recording and quantifying mismatch 
negativity, P300, and N400 in humans.  In 2000, Picton and colleges produced a committee 
report of guidelines to be used when recording ERPs to study cognition, including recording 
standards and publication criteria for humans.  Consistency across studies allows for improved 
sensitivity and specificity which will only occur when guidelines are published and implemented 
across populations.  As the AEP and ERP body of literature is far less in animals when compared 
to humans, researchers tend to base their findings on human studies, if similarities exist among 
the results.  However, it should to be established that although the auditory system of the two 
species may be similar, researchers should be accounting for differences between species.  This 
includes recording parameters and protocols.  This emphasizes the importance of avoiding the 
use of references developed for normal hearing in humans when testing canines.  It is well 
known that the stimulus rate results in variable responses which often depend on the subjects’ 
state, age, or other factors (i.e., lower stimulus rates must be used with testing children less 
than eight years of age with the AMLR).  As the body of literature continues to grow, it becomes 
of greater importance to establish norms across individual species.  Furthermore, accounting 
for differences within a population is essential, as with our given population.  Accounting for 
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environmental exposures of SOCOM MPC is essential; they are exposed to significantly greater 
levels of noise when compared to non-MPC.   
f) Time of ERP recording relative to injury date 
Results from ERP recordings can be variable relative to the date of exposure or injury.  This can 
depend on the anatomical region being evaluated and its association with the subjects’ deficits.  
The method and means of recording electrophysiological function should depend on the 
cognitive deficits associated with the subjects’ specific diagnosis.  Loss of auditory acuity, 
behavioral symptoms (hypervigilance and hyperarousal), cognitive effects, memory and 
attention are common deficits identified soon after blast exposure.  These symptoms can 
present in the sub-acute phase and research suggests functional outcomes may present several 
months following the injury (Alexander, 1995). 
g) Extraneous, environmental factors 
Noise or electrical interference can and will affect the AEP/ERP recording and output.  Of 
course, it is ideal for the subject to be tested in a sound booth in a quiet environment, with 
minimal electrical interference (i.e. lights, unnecessary computers or electrical units, etc.).  
Unfortunately, with dogs, it is often the case that this is not possible.  Adjusting filter settings in 
the software can help to minimize interfering internal and/or external noise.  Minimizing 
subject artifact below 10% will ensure waveform output will not be significantly affected, 
causing a change in morphology.  However, unless an animal is sedated, artifact is a common 
limitation with AEP testing in animals and should be addressed.   
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CHAPTER 5: Methodology 
5.1 Subjects 
Subjects used for this study are among the species and genus Canis lupus familiaris. There were 
two groups of dogs tested, SOCOM MPCs and Non-MPCs. All SOCOM MPCs were Belgian 
Malinois and German Shepherds from one to four years of age.   The first group of Non-MPC 
ranged from four months to 12 years of age, acquired from client-owned dogs in Pennsylvania.  
The second group of Non-MPCs ranged from 4-11 years of age, acquired from service working 
dogs in Ohio.  The dogs from Group 2 were service working or police, search and rescue dogs.  
Most of these dogs were German Shepherds.     
 
Due to the overlap of ages from the dogs tested, age was not a considered variable.  All dogs 
were of an age where maturation of the auditory system was complete.  Research has 
demonstrated that the BAER is fully mature 40 days following birth in dogs (Strain et al., 1991; 
Poncelet, 2000b; Strain, 2011).  All dogs that were tested were over 40 days after birth.  There 
is evidence in the literature that suggests noise induced hearing loss and aging result in the 
degeneration of the auditory nerve in guinea pigs (Lin et al., 2011) and mice (Kujawa & 
Liberman, 2009).  Findings indicated a significant effect on the amplitude of Wave I of the ABR, 
however, did not appear to affect ABR or OAE thresholds following recovery (Lin et al., 2011; 
Kujawa & Liberman, 2009).  It is suggested with the current study that not accounting for age 
may be a limitation (more on this in the discussion) and going forward, if large enough sample 
sizes are accessible, it is recommended that age be considered.    
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There has been variability regarding a correlation of the BAER with head size (Kemper et al., 
2013; Munro et al., 1997; Shiu et al., 1997; Pook and Steiss, 1990; Meij et al., 1992); however, 
current research indicates this variability is not great enough to be clinically applicable (Strain, 
2011).  Therefore, this variable was not accounted for with non-MPCs, primarily in Group 1.  
This variable was controlled for SOCOM MPC because all dogs were a similar breed with similar 
head sizes.  Likewise, most dogs tested from the Non-MPC Group 2 were German Shepherds.      
Table 8.  Breed and age of non-MPC from Group 1 (Pennsylvania dogs)  
Breed Age (years unless specified) 
Border Collie/Lab Mix 2 
Jack Russell Terrier 2 
Greyhound 5 
Beagle/Border Collie/Lab Mix 5 
Labrador 1 
Labrador 8 
Australian Shepherd 8 
German Shepherd 8 months 
Dachshund 1 
Mixed Breed 2 
Australian Shepherd 7 
Golden Retriever 9 
Golden Retriever 6 
Golden Retriever 12 
Golden Retriever 2 
Poodle 1 
French Bull Mix 6 
Keeshond 1 
Borzoi 4 
Mixed Breed 4 
Golden Retriever 3 
Labrador 4 
Golden Retriever 8 
Australian Shepherd 8 
Australian Shepherd 3 
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A history was obtained at the onset of testing, including the dog’s age, breed, gender, 
significant health problems and/or skin allergies.  A subjective history was taken from the 
owners to determine if they suspect behavioral signs of hearing loss in their dog.  Several dogs 
were rescued and their history of being kenneled prior to their rescue was unknown.  Visual 
observation at the onset of testing included an observation of posture, breathing, activity level, 
general appearance and visualization of the external auditory canal.   
 
Dogs were restrained by one or two handlers, as needed.  They were restrained by lifting, 
standing restraint (one arm around the dog’s neck/muzzle with the other around the abdomen; 
hugged close to handler’s body), crowding (have dog sitting in between legs up against a wall, 
control head and muzzle), or sitting/sternal recumbency (have dog sitting or lying down 
straight, place one arm over back of dog and other hand controlling muzzle).  Thunder shirts 
were used for some dogs to calm the animal and hold electrodes in place.  A thunder shirt is a 
snug-fitting shirt which targets a number of pressure points along the dog’s body, providing a 
swaddling sensation similar to that which calms an infant.  These shirts are common for dogs 
that have anxiety or suffer from hyperacusis (a fear or sensitivity to loud sounds such as 
fireworks or thunderstorms).  There is an outside flap which lies along the side of the body and 
connects via Velcro.  Electrodes were held in place by this flap.  Testing was not performed or 
aborted for dogs that were uncooperative (i.e. aggressive or fearful).   
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All SOCOM MPCs were sedated with Dexmedetomidine Hydrochloride (Dexdom) for testing.  All 
Non-MPCs were unsedated for testing.  Sedation does not affect the BAER test; however, it has 
been shown to affect the AMLR (Sims & Moore, 1984b; Pypendop et al., 1999; Murrell et al., 
2004; Martoft et al., 2001; Johnson et al., 1995; Hall JW III, 2007).  Therefore, the AMLR was 
only performed on unsedated dogs.  None of the SOCOM MPCs were tested with the AMLR.  
For all unsedated dogs, lidocaine 2.5% and prilocaine 2.5% cream was applied to each dog’s 
head 15 minutes before testing as a topical dermal anesthesia to prevent pain or discomfort 
where needle electrodes were inserted.  Electrode and insert placement for a sedated SOCOM 
MPC is illustrated in Figure 13. 
 
Testing for Non-MPCs was performed at a veterinarian hospital in Philadelphia, PA and a 
veterinarian hospital in Cincinnati, OH.  Testing for one group of SOCOM MPCs was conducted 
at the Fort Bragg Military Dog Base in North Carolina.  Testing for the second group of SOCOM 
MPCs was conducted at Dam Neck in Virginia.  Testing for SOCOM MPCs was performed by the 
co-author (Scheifele, Director of the Facility for Education and Testing of Canine Hearing and 
the Laboratory for Animal Bioacoustics).  Testing for all Non-MPCs was performed by the author 
and co-authors (Sonstrom & Scheifele) from 2014-2015.  Equipment consisted of the IHS 
(Intelligent Hearing System) ERP unit.  BAER screening and AMLR testing on Non-MPCs from 
Group 1 were analyzed from a total of 25 client-owned dogs (50 ears).  BAER screening on Non-
MPCs from group two were analyzed from a total of 14 dogs (28 ears).  BAER screening on 
SOCOM MPCs were performed on a total of 35 dogs (70 ears).  BAER testing for all Non-MPCs 
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was completed in a quiet acoustical environment where the animal could sit or lay on 
comfortable bedding.  It was reported there was a noisier acoustical environment for all dogs 
tested on the military working base (Scheifele, Personal communication, 2015).  For all testing, 
an external signal conditioner (PowerVar) was used to protect the computer and recording 
equipment.  A signal conditioner provides power during electrical failures, protects against 
spikes and surges and filters out radio frequency noise which can affect electrophysiological 
recordings.  The PowerVar signal conditioner additionally provides isolation from the power line 
to eliminate common mode noise, spikes and surges (PowerVar User Operating Manual, 
accessed 7/6/2015).   
 
No dogs were used for AMLR testing if they did not pass the BAER screen.  The absence of the 
BAER is an indication that the dog has unilateral or bilateral deafness of a sensory or neural 
etiology. 
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5.2 Stimulus and Acquisition Parameters 
Stimulus and acquisition parameters used for BAER screenings are defined in Table 9, and 
stimulus and acquisition parameters used for the AMLR are defined in Table 10.  A 100 second 
broadband click stimulus was used for both the BAER and AMLR.  Click stimuli are chosen due 
to its wide bandwidth and short rise-fall time which improves synchrony of auditory nerve firing 
(Strain, 2011; Hall JW III, 2007).  Stimuli intensities that were used and analyzed for this study 
ranged from 30-102 dB peSPL.   
Table 9. Stimulus and acquisition parameters for BAER testing 
Stimulus Parameter BAER settings for testing 
Intensity 30-102 dB peSPL 
Sweeps Minimum of 200 
Rate (clicks/sec) 33.1 
Stimuli 100 µsec Click 
Time window (msec) 12.8  
Polarity Rarefaction 
Window Rectangular 
High Pass Filter 10 Hz 
Low Pass Filter 1500 Hz 
Electrode Montage A1 Cz A2 
 
Table 10. Stimulus and acquisition parameters for AMLR testing 
Stimulus Parameter AMLR settings for testing 
Intensity 102 dB peSPL 
Sweeps 500 
Rate (clicks/sec) 7.1 
Stimuli 100 µsec Click 
Time window (msec) 100  
Polarity Alternating 
Window Rectangular 
High Pass Filter 10 Hz 
Low Pass Filter 1500 Hz 
Electrode Montage A1 Cz A2 
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The BAER test assesses the integrity of the auditory nerve and brainstem.  For BAER testing, a 
repetition rate of 33.1 clicks per second was used with a minimum of 200 sweeps.  
Requirements mandated by the Orthopedic Foundation for Animals suggest using a minimum 
of 200 sweeps for BAER screening (http://www.offa.org/deaf_baer.html).  The faster stimulus 
click rate allows for the test to be completed in a shorter period of time, thus resulting in less 
restraint for the dogs.  The high pass filter was set at 100 Hz and the low pass filter was set at 
1500 Hz to minimize the influence of internal and external noise. 
 
The AMLR assesses the thalamo-cortical pathway to neural regions of the brain responsible for 
auditory processing.  The AMLR was only performed on dogs with a normal BAER.  For AMLR 
testing, a repetition rate of 7.1 clicks per second was used with a minimum of 500 sweeps.  A 
stimulus rate less than 11 clicks per second is recommended at moderate stimulus intensity 
levels; higher stimulus rates may produce post-auricular muscle artifact (Hall JW III, 2007).  A 
limitation when testing dogs with a slower stimulus rate is this takes longer to record and the 
dog may become uncooperative.  For AMLR testing, all dogs were unsedated.  It is not expected 
that canine norms will be identical to human norms; however, it is expected all components will 
be present and at a relative latency range to that of humans.   
 
The reference used was the peak equivalent Sound Pressure Level (pe SPL).  This reference 
indicates the actual peak equivalent sound pressure being generated by the click stimulus.  This 
avoids the confusion with using dB nHL, a reference based on normative behavioral thresholds 
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in humans.  Approximate conversions from peSPL to nHL and establishment of these 
conversions are indicated in Table 10.   
Protocol for calibrating and converting from nHL to dB peSPL: 
Equipment needed: 
1. Electrophysiology unit [Intelligent Hearing System- Smart EP (IHS)] 
2. Bruel & Kjaer Sound Level Meter Model 2270 
3. Bruel & Kjaer Sound Calibrator Type 4231 
4. Bruel & Kjaer Pulse Reflex sound analysis software 
5. SpectraPro sound analysis software 
6. ENSO conversion software 
 
Procedure for conversion from nHL to peSPL: 
1. Energize the IHS unit in the Smart EP mode (auditory/ABR) 
2. Calibrate the B&K 2270 SLM using the B&K Type 4231 calibrator as per instructions 
provided 
3. Select 100 µsec click stimulus- continuous 
4. Select stimulus intensity at 20 dB nHL 
5. Directly connect the stimulus output from the IHS unit to the B&K 2270 SLM input 
6. Note the intensity level of the 100 µsec click stimulus on the B&K 2270 SLM and save 
7. Re-run the procedural steps above at stimulus intensities of 60, 80, 90, 102, 108, 110 
and 114 dB nHL 
8. Connect the B&K 2270 SLM to the computer and open the Pulse Reflex software 
program 
9. For each stimulus intensity (nHL) run a power analysis in dB SPL / peSPL 
10. To further check values run the stimuli through SpectraPro software as power spectra 
and convert to peSPL via ENSO 
11. Note any differences (Δ = +/- values of the measurement) 
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Table 11. Conversions from nHL to peSPL 
nHL VALUE  peSPL VALUE  ERROR  
0  18.9  + / - 1.3 calculated 
10  32.8  + / - 1.0 calculated 
20  43.3  = / - 1.0 measured 
30  53.3  + / - 1.0 measured 
40  59.5  + / - 0.9 measured 
43  62.2  + / - 0.9 calculated 
46  65.2  + / - 0.9 calculated 
50  70.3  + / - 1.2 measured 
53  72.3  + / - 1.0 calculated 
56  75.3  + / - 1.0 calculated 
60  80.6  + / - 1.0 measured 
63  84.1  + / - 1.0 calculated 
66  88.1  + / - 1.0 calculated 
70  89.9  + / - 1.0 measured 
73  92.8  + / - 1.5 calculated 
76  96.1  + / - 1.5 calculated 
80  102.1  + / - 1.4 measured 
90  116.1  + / - 1.5 measured 
Note: nHL is a dial level reading derived with human thresholds to short duration stimuli as the reference, 
calibrated based on the human nHL normative intensity 
 
Sound stimuli for both the BAER and AMLR were delivered to the dogs’ ears with ER3A 
disposable 13mm polyurethane ear insert transducers, allowing for a tight seal to help reduce 
external artifact (Hall JW III, 2007).  Using inserts versus headphones results in a 0.9 millisecond 
time delay from the distance of the silicone tubing between the transducer and ear tip; the 
equipment used was calibrated to account for this delay. 
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Electrodes consisted of three subdermal needle electrodes (Rytthmlink, South Carolina) placed 
in the A1 Cz A2 positions according to the International 10/20 system of electrode placement 
and recommended by the American Clinical Neurophysiology society (available at 
http://www.acns.org.).  Subdermal needles transmit bioelectrical activity from the dog’s head 
via a wire to the recording equipment, including the electrode transmitter box and Intelligent 
Hearing Systems (IHS) unit.  Needle electrodes help reduce impedance levels that are known to 
negatively affect the waveform response and increase the duration of recording time (Musiek & 
Rintelmann, 1999; Steiss, 1988; Hall JW III, 2007). 
 
One needle is applied subdermally into the dog’s head at each of three locations, utilizing the 
A1 Cz A2 electrode montage based on the International 10/20 system of electrode placement.  
The positive (non-inverting) electrode is placed at the vertex, or top midline of the head.  The 
negative (inverting) electrode is placed at the tragus, rostral to the opening of the ear canal.  
The ground electrode is placed at the tragus of the non-test ear.  Cz represents the top of the 
head and A1 and A2 represent the right and left ears (anterior to the tragus, rostral to the 
opening of the external ear canal).  A one channel system was used; therefore, electrodes were 
shifted in the electrode transmitter box when changing from the test ear to the non-test ear.   
Both the BAER and AMLR for Non-MPCs were tested simultaneously; therefore filters were not 
adjusted between testing.  Electrodes were properly disposed in a sharps container following 
testing.  Any remaining fluids on the dogs were cleaned with hydrogen peroxide, if necessary.     
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Figure 13. Electrode and insert placement in SOCOM MPC; electrodes are placed in A1 Cz A2 
placement, with the insert placed in the right external auditory canal (not seen in graphic).   
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5.3 Data Analysis 
Normative data ranges for the BAER and AMLR were established for waveform latency and 
overall morphology.  Morphology was assessed by the presence of all waves being present at 
some amplitude.  This includes their repeatability (overlap) and respective latency range.  
Amplitude was not considered due to its variability within subjects, a common finding in 
humans as well (Hall JW III, 2007).  For the current study, the BAER test was used as a screening 
measure, not a diagnostic measure (as previously described).  Therefore, the number of sweeps 
run during the recording is less than the recommended amount for diagnostic testing (i.e. 500 
sweeps for the screen versus 2000 sweeps for the diagnostic assessment).  The overall 
morphology of each BAER was evaluated, however; the components of interest for statistical 
analysis included Wave V and V Trough (VT).   
 
When using the BAER as a screening measure, it is not uncommon to only see some of the 
waves rather than all five waves as typically seen with diagnostic testing.  The identification of 
additional waves significantly helps with the analysis and is necessary to evaluate the integrity 
of the auditory pathway.  In most cases, Waves II and III are identifiable and Wave IV is 
combined with Wave V.  It is important to verify that these waves are present, notably II and III.  
If only Wave V is identifiable with the absence of all other waves, this could signify a potential 
issue with the dog’s auditory pathway, or an issue with the recording.  This is why it is 
important to evaluate the “overall” morphology.  Nevertheless, we are primarily concerned 
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with the latencies of Wave V and VT as primary indicators of reasonable hearing acuity; 
although, this does not absolve the observation the overall BAER morphology.        
  
It is more challenging to test unsedated animals than to test humans, sedated or unsedated.  
With unsedated dogs there is often a significant amount of artifact, making waveform analysis 
more difficult.  This is a limitation with testing unsedated animals and will be further addressed 
in the discussion of the dissertation. 
 
Latency was another measurement of analysis.  Latency is defined as the time from the 
stimulus onset to the positive peak of the wave of interest, measured in milliseconds (msec).  
For this study, the wave of interest is Wave V and the trough of Wave V.  The trough of Wave V 
is a negative trough following the peak of Wave V.   The Facility for the Education and Testing of 
Canine Hearing and the Laboratory for Animal Bioacoustics (FETCHLAB) at the University of 
Cincinnati commonly uses the trough of Wave V as an indicator for identifying the peak of 
Wave V.  This is due to the large amplitude of the trough which makes Wave V 
more discernible, along with it being within the appropriate latency range.  This method of 
analyzing the BAER in unsedated dogs has been established through FETCHLAB due to the 
difficulty in interpreting the waveform response with artifact secondary to internal (myogenic) 
and external noise.   
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To establish normative AMLR data, the absolute latency, standard deviation and range for the 
waveform components (Na-Pa and Nb-Pb) were calculated.  In humans, the overall response of 
the AMLR occurs 15-65 msec following the stimulus presentation (Hall JW III, 2007; Folmer et 
al., 2011).  Approximate normative latency data in humans using the absolute latency for each 
component suggests the following (Folmer et al., 2011): Na occurs approximately 15-25 msec 
following the stimulus presentation, Pa occurs approximately 25-35 msec following the stimulus 
presentation, Nb occurs approximately 35-45 msec following the stimulus presentation and Pb 
occurs approximately 40-65 msec following the stimulus presentation.  Analysis using 
descriptive statistics will determine if the AMLR in dogs falls within a similar latency range to 
that of humans.    
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5.4 Statistical analysis: 
H1:  There is no significant difference in latency for wave V and V Trough (VT) of the brainstem 
auditory evoked response at equivalent stimulus intensities between SOCOM MPCs and Non-
MPCs. 
(1) T-Test comparing latencies between two groups to determine if a difference exists. 
(2) Descriptive statistics to calculate the average and standard deviation of V and V Trough 
in SOCOM MPCs, across each intensity level tested. 
 
Power Analysis for T-Test:  A total sample size (n) of 17 subjects is sufficient to detect the 
hypothesized effect of a two level within subject independent variable at 91.4% of the time 
(Lee, 2004).  
Independent Variables:  (1) Type of dog (SOCOM MPC vs. Non-MPC) 
       (2) Wave V and V Trough (VT) 
Dependent Variable:  Latency of V and V Trough 
 
H2:  There is no significant difference in BAER baseline intensity threshold levels between 
SOCOM MPCs and Non-MPCs. 
(1) Identify and qualitatively describe the BAER threshold obtained for both SOCOM MPCs 
and Non-MPCs. 
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CHAPTER 6: Results 
6.1 Hypothesis 1 
The latency of Wave V and VT between groups was analyzed at three different intensity levels: 
50, 60 and 102 dB peSPL.  Hypothesis 1, stating that “There is no significant difference in latency 
for wave V and V Trough (VT) of the BAER at equivalent stimulus intensities between SOCOM 
MPCs and Non-MPCs,” was rejected at the intensity level of 50 dB peSPL and 102 dB peSPL.  
This hypothesis was not rejected at an intensity level of 60 dB peSPL (Table 12).  To note, the 
power analysis suggested a total sample size (n) of 17 subjects is sufficient to detect a 
hypothesized effect 91.4% of the time; our sample size at the intensity levels of 50 and 60 dB 
peSPL was less than the suggested amount.  However, we did have at least 17 subjects tested 
at 102 dB peSPL for both groups.  These represent preliminary findings; more subjects are 
required to state that the results are statistically significant at intensities of 50 and 60 dB peSPL.   
Table 12. T-test to detect statistical difference of Wave V absolute latency between SOCOM 
MPCs and Non-MPCs  
 Sample Size  
(# of ears) 
p-value 
(α=.05) 
Average Latency 
(msec) (St. Dev.) 
Intensity 
(dB peSPL) 
SOCOM MPC 
vs. Non-MPC 
10 MPC 
5 Non-MPC 
.0093 4.37 (.32) MPC 
4.87 (.26) Non-MPC 
50 
SOCOM MPC 
vs. Non-MPC 
12 MPC 
6 Non-MPC 
.8929 4.75 (.49) MPC 
4.78 (.24) Non-MPC 
60 
 
SOCOM MPC 
vs. Non-MPC 
28/26 MPC (DN/B) 
31 Non-MPC (1) 
.0000 
 
3.72 (.04) MPC 
3.98 (.26) Non-MPC 
102 
 
SOCOM MPC 
vs. Non-MPC 
28/26 MPC (DN/B) 
28 Non-MPC (2) 
.0000 3.72 (.04) MPC 
4.20 (.40) Non-MPC 
102 
Note: A p-value less than .05 suggests that there is a statistically significant difference between the two groups.  A 
p-value greater than .05 suggests that there is no significant difference between the two groups. The acronym 
UPENN represents client owned dogs tested in Pennsylvania (Group 1) and the acronym CCORE represents dogs 
tested at the annual Canine Core Event in Ohio (Group 2).    
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Additional testing at similar intensity levels with two samples of Non-MPCs suggested that 
there is a significant difference in the absolute latency of Wave V between Group 1 and Group 2 
(Table 13).  Note the larger and more balanced sample size from each group.   
Table 13. T-test to detect statistical difference of Wave V absolute latency between two groups 
of Non-MPCs (UPENN and CCORE dogs) 
 Sample Size  
(# of ears) 
p-value 
(α=.05) 
Average Latency 
(msec) (St. Dev.) 
Intensity 
(dB peSPL) 
UPENN (1) Dogs vs. 
CCORE (2) Dogs 
UPENN: 31 
CCOREE: 28 
.0125 UPENN: 3.98 (.26) 
CCORE: 4.20 (.40) 
UPENN: 102 
CCORE: 108 
Note: A p-value less than .05 suggests that there is a statistically significant difference between the two groups.  A 
p-value greater than .05 suggests there is no significant difference between the two groups. 
 
Descriptive statistics used to calculate the average, standard deviation and range of V and V 
Trough (VT) in SOCOM MPCs and Non-MPCs are demonstrated below (Tables 14-16).  The 
defined range is any value within two standard deviations of the mean of the absolute latency 
of Wave V and VT.  Each range is displayed by intensity level.  Note that the sample sizes vary 
for each group.  Two examples of the BAER from each group are displayed below each table 
(Figures 14-19). 
Table 14. Average and range for absolute latency of Wave V and VT in Non-MPC (Group 1) 
Non-MPC  
(UPENN) 
Latency 
Wave V 
Range V  
(2 St. Dev.) 
Latency 
Wave VT 
Range VT 
(2 St. Dev.) 
Intensity 
(peSPL) 
Sample Size  
(# of ears) 
Average 3.98 3.46-4.5 4.78 4.12-5.44 102 31 
St. Dev. .26  .33  102 31 
Average 4.78 4.3-5.26 5.59 4.95-6.23 60 6 
St. Dev. .24  .32  60 6 
Average 4.87 4.35-5.39 5.55 4.75-6.35 50 5 
St. Dev. .26  .40  50 5 
Note: The range is defined as any value that falls within two standard deviations of the mean. 
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Figure 14: BAER from an 8 year old Golden Retriever tested at 102 dB peSPL.  The left ear is 
displayed on the left (blue) and the right ear is displayed on the right (red).  Waves III, V and VT 
of the BAER are labeled for both waveforms.   
 
Figure 15. BAER from a 9 year old Labrador retriever tested at 102 dB peSPL, from Non-MPC 
Group 1.  The left ear is displayed on the left and the right ear is displayed on the right.  Waves 
V and VT of the BAER are labeled for both waveforms. 
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Table 15. Average and range for absolute latency of Wave V and VT in Non-MPCs (Group 2) 
Non-MPC 
CCORE 
Latency 
Wave V 
Range V  
(2 St. Dev.) 
Latency 
Wave VT 
Range VT 
(2 St. Dev.) 
Intensity 
(peSPL) 
Sample Size  
(# of ears) 
Average 4.20 3.4-5 5.01 4.13-5.89 108 28 
St. Dev. .40  .44  108 28 
Note: The range is defined as any value that falls within two standard deviations of the mean. 
 
 
 
Figure 16. BAER from a canine tested at 108 dB peSPL, from Non-MPC Group 2.  The left ear is 
displayed on the left (blue) and the right ear is displayed on the right (red).  Waves V and VT of 
the BAER are labeled for both waveforms. 
VT VT 
V 
V 
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Figure 17. BAER from a canine tested at 108 dB peSPL from Non-MPC Group 2.  The left ear is 
displayed on the left (blue) and the right ear is displayed on the right (red).  Waves V and VT of 
the BAER are labeled for both waveforms. 
 
Table 16. Average and range for absolute latency of Wave V and VT in SOCOM MPCs  
SOCOM 
MPC 
Latency 
Wave V 
Range V  
(2 St. Dev.) 
Latency 
Wave VT 
Range VT 
 (2 St. Dev.) 
Intensity 
(peSPL) 
Sample Size  
(# of Ears) 
Average 3.59 2.81-4.37 4.03  3.75-4.31 102 54 
St. Dev. .39  .14  102 54 
Average 4.71 3.79-5.63 5.09 4.17-6.01 70 17 
St. Dev. .46  .46  70 17 
Average 4.75 3.77-5.73 5.24 4.46-6.02 60 12 
St. Dev. .49  .39  60 12 
Average 4.37 3.73-5.01 4.88 4.36-5.4 50 10 
St. Dev. .32  .26  50 10 
Note: The range is defined as any value that falls within two standard deviations of the mean.   
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Figure 18.  BAER from a SOCOM MPC tested at 70, 60 and 50 dB peSPL, respectively, from top 
to bottom, to establish threshold.  The left ear is displayed on the left (blue), the right ear is 
displayed on the right (red).  Waves V and VT of the BAER are labeled at 70 dB peSPL for both 
waveforms. 
V 
VT VT 
V 
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Figure 19.  BAER from a SOCOM MPC tested at 60 and 50 dB peSPL, respectively, to establish 
threshold.  The left ear is displayed on the left (blue) and the right ear is displayed on the right 
(red).  Waves V and VT of the BAER are labeled at both 60 and 50 dB peSPL for both waveforms. 
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6.2 Hypothesis 2 
Our second hypothesis states that “There is no significant difference in BAER baseline intensity 
threshold levels between SOCOM MPCs and Non-MPCs.”  Preliminary analysis suggests that this 
hypothesis was not rejected, qualitatively. 
 
The lowest intensity threshold level obtained for SOCOM MPCs according to the current data 
was equal (40 dB peSPL) to the level obtained in the Non-MPCs (40 dB peSPL).  However, the 
majority of the SOCOM MPCs tested at higher intensity threshold levels (50, 60 and 70 dB 
peSPL) when compared to the Non-MPCs.  Only two SOCOM MPCs tested at a level equivalent 
to those dogs without noise exposure, whereas a total of 38 SOCOM MPCs tested at an 
intensity level of at least 50 dB peSPL or higher.  Four SOCOM MPCs that had just arrived to the 
base (not included with our noise exposed SOCOM MPC group) were also tested.  Two of these 
dogs had a threshold as low as 30 dB peSPL.  Findings are demonstrated in Table 17, followed 
by waveform examples (Figures 20-21). 
 
Table 17.  Lowest threshold intensity (dB peSPL) obtained in SOCOM MPCs and Non-MPCs 
Lowest Threshold Intensity 
Obtained (dB peSPL) 
Sample Size  
(# of Dogs) 
Group History of Significant 
Noise Exposure? 
30 2 MPC (Dam Neck) No (Just Arrived) 
40 6 Non-MPC (Group 1) No 
40 4 MPC (Dam Neck) 2 Yes, 2 No 
50 7/10 (17) MPC (B)/MPC (DN) Yes 
60 10 MPC (B) Yes 
70 11 MPC (B) Yes 
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Figure 20. BAER from a SOCOM MPC tested at 60 and 50 dB peSPL, respectively, to establish 
threshold.  The left ear is displayed on the left (blue) and the right ear is displayed on the right 
(red).  Waves V and VT of the BAER are labeled for both waveforms. 
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Figure 21. BAER from a SOCOM MPC tested at 70, 60 and 50 dB peSPL, respectively, to establish 
threshold. The left ear is displayed on the left (blue) and the right ear is displayed on the right 
(red).  Waves V and VT of the BAER are labeled for both waveforms.  It is uncertain if there is a 
valid response for the left ear at 50 dB peSPL due to the artifact affecting the waveform 
morphology.   
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6.3 Preliminary AMLR Findings 
The ranges established for the AMLR in dogs from our study were similar to those established in 
humans and dogs from a previous study (Sims & Moore, 1986).  There is more variability (a 
larger standard deviation) with the Nb-Pb complex than with the Na-Pa complex.  In some 
cases, the absolute latency of Na-Pa was slightly earlier than that in humans; however, this is an 
expected finding as the absolute latencies of the BAER peaks typically occur earlier in dogs than 
in humans.  The range of AMLR components from a previous study in dogs (Sims & Moore, 
1986) are specified below the human range.  Our findings are similar to those suggested by 
Sims & Moore, however, present with greater variability.  For each AMLR component, the range 
indicated in the Sims & Moore study falls within the range suggested in our study.  Below the 
table are four examples of the AMLR recorded from four Non-MPCs (Figures 22-25). 
Table 18. AMLR average latency and range of components Na-Pa, Nb-Pb in Non-MPC (n=25), 
humans (Folmer et al., 2011) and dogs (Sims & Moore,, 1986). 
 Na (msec) Pa (msec) Nb (msec) Pb (msec) 
Average Latency 15.1 24.9 36.1 49.2 
St. Dev. 3.29 4.48 4.79 6.41 
Range (2 St. Dev.) 8.52-21.68 15.94-33.86 26.52-45.68 36.38-62.02 
Range (Human) 15-25 25-35 35-45 40-65 
Range (Sims & 
Moore, 1986) 
13.62-14.20 20.04-20.68 39.08-39.37 54.25-55.21 
Note:  The range is defined as any value within two standard deviations of the mean. 
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Figure 22. AMLR in a 2 year old Golden Retriever.  AMLR components: Na-Pa, Nb-Pb. 
 
Figure 23. AMLR in an 8 year old Australian Shepherd.  AMLR components: Na-Pa, Nb-Pb. 
 
Figure 24. AMLR in an 8 month old German Shepherd.  AMLR components: Na-Pa, Nb-Pb. 
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Figure 25. AMLR in 5 month old Golden Retriever.  AMLR components: Na-Pa, Nb-Pb. 
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CHAPTER 7: Discussion 
7.1 Hypothesis 1 
Our first hypothesis states that “there is no significant difference in latency for Wave V and V 
Trough (VT) of the brainstem auditory evoked response at equivalent stimulus intensities 
between SOCOM MPCs and Non-MPCs.”  Preliminary findings suggest that this hypothesis was 
rejected at an intensity level of 50 dB peSPL (p=.009) and 102 dB peSPL (p=.000).  However, the 
hypothesis was not rejected at an intensity level of 60 dB peSPL (p=.893).  Note that our sample 
size for the two groups tested at 50 and 60 dB peSPL is less than what the power analysis 
suggested to indicate statistical significance.  In addition, there were unequal sample sizes for 
these groups.  Therefore, these are preliminary findings and we cannot suggest that there is a 
statistical difference between the two groups tested at 50 and 60 dB peSPL.  However, at 102 
dB peSPL, our groups were more equal and larger in size.  Therefore, we can state that there is 
a significant statistical difference in the absolute latency of Wave V between SOCOM MPCs and 
Non-MPCs at 102 dB peSPL.    
 
Although there is a statistical significance found between the two groups tested at 102 dB 
peSPL, it is suggested this is not clinically meaningful.  At equal intensities, the absolute latency 
of Wave V falls within the established range of two standard deviations within the mean.  For a 
dog to pass the auditory screen, the absolute latency of Wave V must fall within two standard 
deviations of the mean.  Therefore, although there may be a statistically significant difference 
between the groups, this is not clinically meaningful.    
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We additionally determined if a significant difference existed in the latency of Wave V between 
two Non-MPC groups: Group 1 from client owned dogs and Group 2 from police and service 
working dogs.  The sample sizes for each Non-MPC group were larger and more equivalent to 
one another (i.e. 31 dogs in group 1 vs. 28 dogs in group 2) when compared to the sample sizes 
for SOCOM MPCs (i.e. 5 vs. 10 dogs or 6 vs. 12 dogs), across each intensity.  There was a 
statistically significant difference in the latency of Wave V between the two Non-MPC groups 
(p=.013).  Additionally, the average mean of the absolute latency of Wave V from Group 1 (3.98 
msec) was shorter than that from Group 2 (4.20 msec).  One limitation with this finding is that 
the waveform analysis was performed using the IHS unit for Group 1, and performed manually 
for Group 2.  Labeling peaks using the computer system may be more accurate than labeling 
peaks manually with a ruler on paper.  This may have caused variance in the results.  For this 
specific data set, an intra-rater comparison of repeating manual measures was not performed, 
which could have addressed the variability suggested. 
 
A second possible explanation for these differences is that the dogs from Group 2 and SOCOM 
MPCs were exposed to more noise than the dogs from Group 1 and Non-MPCs.  It is also 
unknown if these dogs were kenneled at any period in their life.  It is known that the SOCOM 
MPCs have had significant noise exposure.  Additionally, several of the dogs from Group 2 were 
police dogs and could have had a greater exposure to noise than the client-owned, civilian dogs. 
Police dogs and SOCOM MPCs are exposed and trained around weaponry (impulse noise) and 
ground transportation noise (continuous noise).  There is evidence in the literature that 
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suggests NIHL can have an effect on the BAER in humans.  Latency and amplitude effects to 
Wave V of the ABR have been found to depend on the degree and configuration of hearing loss 
in humans (Hood, 1998).  Amplitude was not a considered variable for the current study due to 
its known variability.  Research in humans suggest that Wave V latency and waveform 
morphology are progressively affected by greater degrees of peripheral hearing loss, 
specifically, high frequency or sloping hearing losses (Coats, 1978; Bauch and Olsen, 1986; 
1987).  When the hearing loss is beyond the moderate level (i.e. beyond 50 dB HL), wave I of 
the ABR is affected such that it may be prolonged or even absent.  If Wave I is prolonged, this 
reduces the Wave I-V interpeak latency.  If Wave I was absent, there would be no Wave I-V 
interpeak latency.  A study by Konrad-Martin et al. (2012) suggests that the latency of Wave V is 
prolonged and the amplitudes of the ABR components are reduced in subjects with poorer 
hearing.  This may be the result of fewer hair cells being stimulated at the basal (high 
frequency) end of the cochlea and more cells being stimulated at the apical (low frequency) end 
of the cochlea (Hood, 1998).  Consequently, noise exposure may be a probable explanation for 
the statistically significant difference in the absolute latency of Wave V between groups.     
 
A third possible limitation to this study is that certain variables were not accounted for with the 
Non-MPCs.  Specifically, age, gender and presbycusis, or a decline of hearing with age, were not 
accounted for with testing.  In humans, age and gender can both affect the amplitude and 
latency of the ABR components.  For example, in human subjects, age had a slight effect on the 
absolute latency of Wave V whereby the shortest latencies were obtained from younger 
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females and the longest latencies were recorded from older males (Stockard, Stockard, & 
Sharbrough, 1978).  The latency of Wave V increased about .2 msec over the age range from 25 
to 55 years, and amplitude decreased about 10% (Jerger & Hall, 1980).  Studies have also 
indicated that females consistently presented with a shorter Wave V latency (by .2 msec) and 
larger amplitudes (by 25%) (Jerger & Hall, 1980).  A study by Konraad-Martin, et al (2012) 
suggests that aging has the greatest impact on the earlier waves (Wave I and III), which were 
not specifically analyzed for the current study.  Konraad-Martin and colleagues additionally 
suggest that Wave V latency is prolonged and amplitudes are reduced in those with poorer 
hearing (Konraad-Martin, et al., 2012).  It is proposed that aging reduces the numbers and/or 
synchrony of contributing auditory nerve fibers and generators of the ABR (Konraad-Martin et 
al., 2012).  Lastly, research indicates that overall degeneration of the auditory nerve occurs 
secondary to both aging and hearing loss (Lin et al., 2011).   
 
On the contrary, with dogs, gender does not appear to be correlated with the BAER (Shiu et al., 
1997; Marshall, 1985; Pook & Steiss, 1990; Meij et al., 1992; Munro et al., 1997a; 1997b; Wilson 
et al., 2005).  It is suggested that this correlation in humans could be due to differences in head 
size (resulting in a smaller nerve length), physiologic and biochemical differences, hormonal 
fluctuations and differences in body temperature (Hall JW III, 2007).  Perhaps in dogs these 
anatomical and physiological differences are not as pronounced within each breed, therefore 
latency differences would not be expected to be associated with gender.     
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A forth possible limitation is not accounting for head size or breed with the Non-MPC, Group 1.  
Previous studies have found variability regarding a correlation of the BAER with head size 
(Kemper et al., 2013; Munro et al., 1997; Shiu et al., 1997; Pook and Steiss, 1990; Meij et al., 
1992).  However, current research indicates this variability is not great enough to be clinically 
applicable (Strain, 2011).  Therefore, this variable was not accounted for with Non-MPCs, 
primarily in Group 1.  There was control over head size and breed for the Non-MPCs from 
Group 2 (most were German Shepherds) and for the SOCOM MPCs, all of which were either 
Belgian Malinois or German Shepherds with similar head sizes.   
 
The second part of Hypothesis 1 used descriptive statistics to calculate the average and 
standard deviation of V and V Trough in SOCOM MPCs, across each intensity level tested.  
Descriptive statistics were also calculated for Non-MPCs, highlighting an important aspect to 
the findings of statistical differences between groups.  That is, what may be considered 
statistical significant according to a t-test may not be clinically significant.  If going forward we 
are establishing normative data for the absolute latency of Wave V by determining the mean 
and any value that falls within two standard deviations of the mean, our absolute latency values 
for our Non-MPCs are all within the normal range for both groups, even if the groups are 
statistically deemed different from one another.  Therefore, how do we define what is clinically 
meaningful?  There are several variables that can contribute to differences between groups; the 
bottom line is that we need systematic, expanded, large scale studies to define what is clinically 
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significant and what is statistically significant.  An advantage would be to develop these studies 
for each breed, allowing for greater control over these variables.  
  
In regards to the descriptive statistics, the absolute latency of Wave V and the range of Wave V 
occur earlier at higher stimulus intensities when compared to lower stimulus intensities (i.e. 
Wave V occurs at 3.98 msec at 102 dB peSPL and 4.78 msec at 60 dB peSPL).  This is expected 
because a decrease in intensity causes an increase in waveform peak latency, a well-accepted 
phenomena in auditory electrophysiology.  On the contrary, this phenomenon was only found 
when comparing two vastly different intensities (i.e. when comparing 102 dB to 60 dB peSPL, 
verses comparing 60 dB to 50 dB peSPL).  The shift in latency with intensity was not observed 
when comparing small increases of intensity to one another.  One could speculate that the 
latency-intensity function is not as pronounced with small increases (or decreases) in intensity 
as for large increases (or decreases) in intensity.  Another possible speculation is that our 
sample sizes are not large enough to illustrate this phenomenon.  Furthermore, usually the 
latency-intensity function is shown within each sample, not across a number of varying 
samples.  Here, we are comparing the averages of the absolute latency of a number of dogs, 
which may account for variability.  A final possible explanation is that these dogs have been 
exposed to different levels of noise.  At this point we do not know if their exposure to noise has 
resulted in hearing loss, although this is the theory.  With the exception of the four dogs that 
had just arrived on the military base from Europe, we did not test the SOCOM MPCs prior to 
exposure to noise from training or wartime; therefore we do not know with certainty if they do 
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or do not have NIHL.  This emphasizes why testing these dogs prior to training or wartime is 
crucial to establish valid baseline hearing thresholds.      
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7.2 Hypothesis 2 
Our second hypothesis states that “There is no significant difference in BAER baseline threshold 
intensity levels between SOCOM MPCs and Non-MPCs.”  Preliminary findings suggest that this 
hypothesis is not rejected.  Quantitative statistical analysis was not performed due to unequal 
sample sizes from each group.  Qualitatively, the lowest threshold level obtained to a click 
stimulus in only two SOCOM MPCs (with noise exposure) was 40 dB peSPL.  The lowest 
threshold intensity obtained in all other SOCOM MPCs was 50 dB peSPL or higher.  Specifically, 
86% of the SOCOM MPCs with a history of significant noise exposure tested at a threshold level 
of 50 dB peSPL, or higher.  The lowest threshold level obtained in several Non-MPCs was 40 dB 
peSPL.  This same intensity level was obtained from two SOCOM MPCs that had just arrived to 
the base without a known significant history of noise exposure.  Additionally, a threshold level 
of 30 dB peSPL was obtained in two additional new SOCOM MPC arrivals.   
 
There are some limitations to these findings.  First, there may be tester to tester variability 
when more than one examiner is recording the response.  Second, by viewing the waveforms, it 
is doubtful whether the lowest level obtained in the SOCOM MPC is the actual lowest threshold 
level that could be obtained if the stimulus had been presented at lower intensities down to 
threshold.  Furthermore, the examiner did not display the intensity levels at which there were 
no responses indicated.  The literature indicates that it is important to show the absence of the 
response at levels below the predicted threshold level (Stapells, 2000; Stapells et al., 1995; 
Sininger and Hyde, 2009).  Therefore, the technician collecting the data and this investigator are 
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unable to state the absolute threshold of the dogs investigated because the stimulus intensity 
was not presented below the predicted threshold level.   
 
For example, referring to Figure 19, the amplitude of Wave V and V trough is large and 
repeatable for both the right and left ears, suggesting that if the dog was tested ten decibels 
(pe SPL) lower than the lowest response obtained, a response may be present (speculation).  
However, the intensity level at which no response was obtained is not shown, so this 
determination cannot be made.  This similar finding occurred with Figure 20.  The amplitude of 
Wave V and V Trough is so large that one could speculate a response could be obtained at a 
lower intensity level, however this cannot be determined because the level at which no 
response was obtained is not displayed.  A proposed theory could be to investigate if there is a 
certain percentage drop in amplitude with a specific drop in intensity for this population.  
Additionally, with Figure 20, the right ear should have been repeated, it is a rule of thumb in 
auditory electrophysiology that all recordings be repeated at least once to confirm the presence 
or absence of a response.  If the morphology is not clear in any case, waveforms should be 
repeated until they are clear or until a conclusive decision can be made regarding the response 
(To note, this is speculation; the author was not present for this set of data collection and 
something may have occurred causing the session to be aborted).          
  
On the contrary, there were recordings obtained from this data set in which it appears there is 
no response at the lowest level obtained, as in Figure 18.  It is clear in this recording that 
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responses below 60 dB peSPL have poor morphology and it is extremely challenging to identify 
important components of the waveform.  
 
A significant limitation to this study is artifact.  Artifact is known to affect waveform 
morphology which causes waveform interpretation and analysis to be extremely challenging.  
The greater the artifact, the greater the effect on waveform morphology and the more 
challenging the analysis, especially at lower intensity levels.  Dropping intensity ultimately 
results in a reduction of wave amplitude, even without the presence of artifact.  A common 
limitation when testing unsedated dogs is myogenic artifact, secondary to movement or post-
auricular muscle activity.  Adjusting band-pass filter settings can minimize artifact which 
contaminates the waveform response.  However, in many cases this issue is unavoidable in 
dogs that are unsedated and should be identified as a limitation when analyzing BAER results.  
Techniques for reducing artifact are further discussed in section 7.3.     
 
In summary, findings suggest that the majority (86%) of the SOCOM MPCs responded at higher 
threshold intensity levels than Non-MPCs.  A probable explanation is auditory deprivation from 
noise exposure in which auditory structures and pathways were affected, therefore affecting 
the BAER.  It has been well documented that noise (of all types) cause damage to the central 
auditory pathway, and furthermore, can have an effect on the ABR.  It would be expected that 
if these dogs have any level of NIHL their thresholds will be higher than those obtained for dogs 
without significant noise exposure.    
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7.3 Preliminary AMLR Findings 
Latencies of the AMLR in dogs were relatively similar to that of humans, although they did not 
fall exactly within the range for each component suggested by Folmer and colleagues (2011).  
Our Na-Pa complex often occurred slightly earlier in dogs than it does in humans, however, this 
is expected; our absolute latencies for Waves I-V of the ABR often fall earlier in dogs than they 
do in humans.  Our averages for our Nb-Pb complex fell within the range that they typically do 
in humans, with greater variability.  These findings were similar when our ranges were 
compared with those established from a previous study in dogs (Sims & Moore, 1986).  
Likewise, there was more variability with our ranges; however, all the ranges suggested by Sims 
& Moore fell within the ranges indicated from our preliminary work, with less variability. 
 
There are several areas of discussion regarding our preliminary AMLR analyses.  All of the 
stimulus and acquisition parameters were not adjusted to the recommended settings to obtain 
ultimate results and reduce unwanted artifact (Hall JW III, 2007).  Additionally, there was 
limited control over subject parameters for the Non-MPC group (i.e. different breeds, different 
head sizes, different ages, and different levels of hearing).  An explanation for not changing 
parameters during testing was to save time; all dogs were unsedated and often restless.  The 
full battery of testing included three different measures which took a minimum of 40 minutes 
to complete, with a cooperative dog.   
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Regarding recording parameters, we presented at a higher intensity level (102 dB peSPL, 
equivalent to ~80 dB nHL) than is recommended for AMLR testing.  Hall JW III (2007) 
recommends presenting at a moderate intensity (i.e. 70-90 dB peSPL, equivalent to ~50-70 dB 
nHL) to prevent post-auricular muscle artifact.  There was a significant amount of artifact in our 
recordings as can be seen in the results in Figures 22-25.  Labeling important components was 
challenging and several of our recordings were not used for this analysis due an inability to 
accurately label the AMLR components.  Additionally, we only used the AMLR for analysis if it 
was repeatable (repeated traces are not displayed in the results).  Applying the inverting 
electrode in a noncephalic region (i.e. nape of neck) could have helped minimize post-auricular 
muscle artifact, along with applying the non-inverting electrodes in a hemispheric region.  Our 
electrode montage for the AMLR was the same as for the BAER test.  This way, the dog was not 
bothered and time was not consumed with removing and reapplying electrodes, which may 
have introduced additional artifact.  Furthermore, in most cases there was only one technician 
inserting and holding the electrodes and ear insert in place, with the owner restraining the dog 
and another technician performing data collection.  Having additional technicians to restrain 
the animal and hold the electrodes and inserts in place would have been helpful during data 
collection.  Lastly, the AMLR is more robust if a longer duration tone burst stimuli is used, 
rather than the click stimulus used for these recordings.  Click stimuli at a rate of 7.1 per second 
were used for all AMLR testing. 
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There was more variability (and a larger standard deviation) with the Nb-Pb complex.  
Adjustments to the band-pass filters should have been implemented to enhance the Pb 
component.  However, technicians should use caution with adjusting the filters; it is 
recommended to avoid filtering more than necessary as this could eliminate EEG activity and 
limit the response (Hall JW III, 2007).  Recommended band-pass filters for recording the ABR (or 
BAER) simultaneously with the AMLR is to set the high pass filter at 10 and the low pass filter at 
1500 Hz.  A band-pass filter of 10-1500 Hz was used for all recordings.  Several of the figures the 
BAER is identifiable.  Both Wave V and V Trough of the BAER are identifiable in Figures 22-25.   
If recording the AMLR alone, a means of emphasizing the Na-Pa component is to set the high 
pass filter at 10 Hz with a low-pass filter of 200 Hz.  To emphasize the Pb component, a high 
pass filter of 0.1 Hz is recommended, with a low pass filter of 200 Hz (Hall JW III, 2007).     
 
One last major limitation is internal (myogenic) and external (electrical) noise, resulting in 
artifact as previously discussed.  Provided that the spectral energy of the AMLR occurs within a 
low frequency range, low-frequency muscle artifact is liable to affect waveform morphology for 
the AMLR.  Of less concern with the AMLR is high-frequency myogenic or electrical 
interference.  This is because the recommended band-pass filter range (i.e. 200-1500 Hz) is 
effective at minimizing high-frequency contamination that affects waveform morphology.  In 
animal audiology, artifact is a common limitation with unsedated dogs and in many cases is 
unavoidable.  A recommendation is to keep the signal to noise ratio below 10%; however, this is 
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difficult when testing dogs as it was for both the BAER and the AMLR recording.  Nevertheless, 
adjusting stimulus, acquisition and subject parameters can help to reduce artifact.  
  
Specific examples of adjusting parameters to limit artifact include the following: adjusting filter 
settings, readjusting electrode placement, increasing the number of sweeps to reduce the 
signal to noise ratio, using thunder shirts, and trying to maximize any ability possible to calm 
the animal during testing.  The tester also needs to be cautious when adjusting band-pass filters 
as to not remove the spectral energy of the frequency response being recorded.  The use of 
external signal conditioners can provide additional protection for your equipment, as was for 
this data collection.  A signal conditioner provides power during electrical failures, protects 
against spikes and surges and filters out radio frequency noise which can affect 
electrophysiological recordings.  Furthermore, the PowerVar signal conditioner used for this 
research additionally provides isolation from the power line to eliminate common mode noise, 
spikes and surges (PowerVar User Operating Manual, accessed 7/6/2015).  Lastly, turning off 
surrounding lights and electronic devices (i.e. fans, air conditioners, cell phones) not utilized 
during testing can help to reduce electrical interference.       
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7.4 Correction Factors and Threshold of Hearing 
Correction factors allowing for a comparison between the BAER threshold and the behavioral 
threshold were not applied to the recordings.  Therefore, it is inappropriate to state that the 
animal’s behavioral threshold of hearing is equivalent to the threshold at which the response 
was obtained from the BAER.  By definition, hearing is “the perception of sound (Mendel et al., 
1999, pp. 114),” originating from a sensory organ, specifically, the organ of Corti along the 
basilar membrane within the cochlea.  The ABR or BAER is not a measurement of the 
perception of sound by an individual; rather, it detects neural firing along the auditory pathway.  
The BAER is not a direct measurement of the organ of Corti.  Therefore, one cannot say the 
BAER is “a test of hearing.”  On the contrary, a behavioral audiologic examination directly 
assesses hearing, or the perception of sound.  This is because the individual being assessed 
needs to perceive and attend to the stimulus (i.e. by raising their hand each time a sound is 
heard).  The BAER does not require a response from the individual being tested, they do not 
have to “raise their hand” or attend to the stimulus at all when the sound is heard.  In fact, they 
do not even need to be conscious for the test (Hall JW III, 2007).   
 
A second definition important to discuss is threshold, defined in audiometry as “the level at 
which a stimulus, such as a pure tone, is barely perceptible (Martin & Clark, 2012, pp. 467).”  It 
is clinically accepted that this is the intensity level at which an individual responds to a 
presented stimulus at least 50% of the time.  Importantly, the behavioral threshold obtained 
from behavioral audiometry via this method is not the same as obtaining a BAER threshold.  
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The BAER threshold is obtained by recording neural firing generated from different sites along 
the auditory pathway in response to a sound stimulus.  The animal does not have to perceive 
the sound subjectively and respond when that sound is heard; therefore BAER testing is not a 
direct measurement of hearing as it is defined. In addition, there is a difference in stimulus 
duration between the stimuli used for behavioral audiometry and the stimuli used for the BAER 
test.  Specifically, the broadband click stimulus used for auditory electrophysiologic testing is a 
100 microsecond click, which differs from a frequency specific pure tone stimuli used during 
behavioral audiometry.  Physically, this would require a correction factor if comparing the two 
means of testing.  Anatomically, a 100 microsecond click is required for the BAER test to allow 
for neural synchrony to occur at each generator site in response to the sound stimulus.  All 
these factors should be accounted for before comparing BAER thresholds to behavioral 
audiometric thresholds.  Standards for establishing correction factors have not been developed 
for the canine population.  This provides additional justification as to why it is appropriate to 
use a reference relative to the actual intensity sound pressure level rather than a reference 
relative to “normal” human hearing. 
 
These concepts become important when defining a dog as having “normal” vs. “abnormal” 
hearing, based solely on the absolute latency of Wave V from the BAER test.  Certainly, the 
BAER test is an indicator of normal or abnormal auditory function, and can be used to identify 
abnormalities along the auditory nerve or pathway.  However, although normal cochlear 
function is required to record a BAER, the BAER test is not directly assessing the organ of 
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hearing (organ of Corti) within the cochlea.  Emphasis remains on expanding the test battery to 
include a comprehensive line of testing to assess the entire auditory system including the outer 
ear, middle ear, inner ear, auditory nerve, central auditory pathway and beyond.   
 
Correction factors are based on normative data established for the subject of intent and may 
vary from one piece of recording equipment to another.  Correction factors have been 
established and applied for the human population, however, they need to be established for 
dogs prior to comparing BAER thresholds with behavioral thresholds.  Hall JW III (2007) suggests 
protocols for establishing these correction factors; however, they are developed for humans 
and may be too advanced and impractical for the canine population.  Equipment manufacturers 
will provide estimated correction factors based on their established normative data, although, 
these are corrected for normal hearing among the human population.   
 
As an overview, correction factors are typically greater for lower frequencies (i.e. 15-20 dB for 
500 Hz) than for higher frequencies (0-10 dB for 4000 Hz) in humans. For example, at 500 Hz, if 
the individual presents at 50 dB nHL, this is corrected to approximately 30 dB eHL (estimated 
hearing level).  If at 4000 Hz they present at 50 dB nHL, this is corrected to approximately 40 dB 
eHL.  In order to compare the BAER threshold to the behavioral threshold in canines, these 
correction factors would need to be established for this population.  It has been emphasized 
that references used for normal hearing in humans is not appropriate to be used for dogs.  One 
cannot state that the normal hearing level in a human is equivalent to that in the dog.  This has 
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not been proven and is likely not the case due to the auditory differences between the two 
species.    Dogs have more turns to their cochlea and are sensitive to a different frequency 
range than that of humans (Fay, 1988; Strain, 2011).  Specifically, the human auditory system is 
sensitive across the frequency range of 20 Hz to 20 kHz, whereas dogs are sensitive from 30 Hz 
to 57 kHz (Rossing, 2007; Fay & Popper, 1994; Fay, 1988; Heffner, 1983).   
 
Correction factors can be established by selecting a controlled population of dogs (i.e. same 
breed, head size, weight, gender, age, history of noise exposure), establishing BAER thresholds 
using frequency specific stimuli and comparing this to audiometric behavioral thresholds 
obtained in a sound proof booth via operant conditioning.  In order to achieve this task the dog 
would need to be well trained and cooperative.  Certainly, this task would be time consuming. 
However, once correction factors are established, an inference about how the BAER threshold 
compares to the behavioral threshold can be established.  On the other hand, if we continue to 
utilize the dB SPL scale, we can simply define hearing levels in terms of thresholds that are 
within two standard deviations of the mean, once this has been determined.  If the latter were 
investigated, it would be recommended to use frequency specific stimuli to establish BAER 
thresholds in dogs. 
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7.5 The BAER Stimulus: Broadband verses Frequency Specific Stimuli 
With auditory electrophysiology, different stimuli provide different information.  Click stimuli, 
when employed in a screening setting, can indicate that there is or is not a region of normal 
hearing.  Tone burst stimuli, when employed in a diagnostic setting, can confirm the status of 
hearing across a specific frequency range.  In human audiometry, using a click stimulus has 
been shown to be insufficient for comparing ABR thresholds to behavioral thresholds, a finding 
that has been well accepted and documented by researchers for several years (Eggermont, 
1982; Picton & Stapells, 1985; Stapells & Oates, 1997; Stapells, 2011).  Specifically, with the click 
stimuli being a single “point” estimate, estimations for thresholds across the frequency 
spectrum is impossible (Stapells, 2011).  The click stimulus is broadband, stimulating most of 
the cochlea, merely representing the “best” hearing in that animal across the frequency 
spectrum (Stapells, 2011).  The hearing threshold in the dog is different than in the human, 
therefore, we don’t know exactly what frequency range is being stimulated with a click 
stimulus, except that the range of a click stimulus is higher in frequency (i.e. 3000-4000 Hz) and 
the response must be within the output levels of the equipment.  Nevertheless, if we only use a 
broadband stimulus, we could be missing a high frequency “sloping” hearing loss or a NIHL.  
The incentive of using frequency specific stimuli should be considered.  There is a different 
motive for establishing frequency specific information with the ABR in humans than there is for 
establishing the BAER in dogs.  What would be the implication and outcome of developing such 
a comprehensive line of testing in the dog?  It is not practical to use the BAER test to establish 
thresholds for the fitting of amplification devices (i.e. hearing aids) as we do with infants or 
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difficult-to-test patients.  Additionally, hearing is not a dog’s primary sense.  The limitation with 
applying this type of diagnostic, comprehensive assessment in dogs is that obtaining four 
frequencies (500, 1000, 2000 and 4000 Hz) and determining threshold by gradually decreasing 
intensity until the response disappears can be extremely time consuming.  When completed on 
humans in the operating room or clinic this type of testing can take well over an hour.  Unless 
sedated, the dog would need to be restrained for an extensive period of time which is not 
practical and typically results in excessive movement, resulting in artifact and a contaminated 
waveform.  This is not to mention the necessity of adding bone conduction to the ABR protocol 
to rule out a conductive hearing loss.  Therefore, is using a click stimulus enough to establish 
threshold for our purposes with SOCOM MPC, or dogs in general?  This question is important in 
terms of developing the foundations for this research, specifically, by establishing baseline 
measures and determining what is reasonable and practical with this population.  These 
questions shed light on areas of research that necessitate further investigation.     
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7.6 Middle Ear Assessment in Dogs 
With audiologic testing it is important to assess the middle ear to rule out middle ear 
dysfunction or occlusion prior to running the BAER test.  Middle ear assessments are necessary 
to determine the type of hearing loss and to rule out a conductive hearing loss.  A conductive 
hearing loss will affect the air conducted BAER waveform and necessitates a bone conducted 
BAER test.  A conductive hearing loss typically causes an overall shift in the peak latencies of the 
waveform (McGee & Clemis, 1982).  Without evaluating middle ear function (or dysfunction), 
waveform results could be misinterpreted and the dog could be identified as presenting 
abnormally.  Furthermore, middle ear dysfunction or occlusion can certainly impede a dog’s 
ability to successfully execute commands in their working environment.  Therefore, middle ear 
function should be evaluated in all dogs prior to or during the BAER test (via bone conduction).  
A sufficient alternative to bone conduction BAER is tympanometry; a simple, quick and reliable 
assessment of middle ear function.   
 
Tympanometry is “a measurement of the pressure-compliance function of the tympanic 
membrane (eardrum) (Martin & Clark, 2012, pp. 468).”  There is limited research in the 
literature regarding the use of tympanometry in dogs (Owen et al., 2015; Strain et al., 2015).  A 
recent paper by Strain & Fernandes (2015) demonstrated the use of tympanometry in 13 dogs 
with normal middle ear function.    Normative data was established for peak compliance, 
middle ear pressure, gradient and ear canal volume.  Owen and colleagues conducted a 
preliminary evaluation of procedures through FETCHLAB (Owen et al., 2015).  Tympanometry is 
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a challenging assessment in dogs due to the vertical and horizontal component of the external 
auditory canal.  This poses difficulty for obtaining a hermetic (airtight) seal necessary to 
complete the test.  Researchers have accounted for this preliminarily by using a probe tip 
extension placed in the vertical canal to establish an adequate seal.  Regardless of the type of 
measurement, from an audiologic standpoint, it is important to evaluate middle ear function 
prior to the BAER test if only using air conduction stimuli.  Further research is warranted 
regarding middle ear evaluation in dogs.     
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7.7 Alternatives for Testing the Auditory System in Dogs 
It is critical to develop a protocol that is practical and comprehensive to avoid missing any type 
or degree of hearing loss.  At this point baseline measures are needed prior to establishing this 
type of protocol, the focus of this dissertation.  However, a limitation to this research is that the 
SOCOM MPCs that were tested had already been exposed to significant levels of noise.  To truly 
establish baseline measures, the dogs should be tested prior to any noise exposure from 
training or wartime.  Therefore, we are taking a backwards approach, provided our current 
accessibility to these animals.   
 
An investigation into the literature has brought about possible alternatives for testing that may 
offer additional practicality with this population.  In theory, a comprehensive audiologic 
evaluation in dogs should include tympanometry to assess middle ear function, otoacoustic 
emissions to assess the cochlea and a BAER test to assess the integrity of the auditory nerve 
and pathway.  The Auditory Steady State Response (ASSR) is another auditory 
electrophysiologic test which can provide frequency specific information in a shorter period of 
time and does not rely on waveform interpretation, making it a more objective measure 
(Scheifele & Clark, 2012; Rance, 2008).  If the motive is to assess higher order auditory-cognitive 
function, additional event related potentials could be investigated, as was performed 
preliminarily with the AMLR.  Several of these measures are described next.  In light of all these 
suggestions, additional research is warranted to determine what is the most effective for this 
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specific population while also maintaining a level of practicality provided unavoidable 
limitations in the canine population.     
 
A test designed to measure cochlear function, or more specifically, the outer hair cells of the 
cochlea, is known as otoacoustic emissions (OAEs).  Otoacoustic emissions were first described 
by David Kemp in 1979 (Hall JW III, 2007).  There are two types of OAEs, spontaneous OAEs 
(SOAEs) and evoked OAEs (EOAEs).  SOAEs occur in over 50% of the normal hearing human 
population, presenting as a continuous tonal signal within 10 dB SPL of the individual’s 
threshold of hearing (Martin & Clark, 2012).  They can be recorded from the external auditory 
canal, occurring usually around the 1000-3000 Hz range, however they have been found to 
occur both above and below this frequency range (Martin & Clark, 2012).  SOAEs are typically 
inaudible to the person experiencing them and there is variation in the amplitude of SOAEs 
when recorded. 
 
There are two types of EOAEs, Transient-evoked OAEs (TEOAEs) and Distortion-Product OAEs 
(DPOAEs), both of which are recorded through signal-averaging equipment.  Middle ear 
function must be normal in order to obtain EOAEs.  EOAEs can present normally in individuals 
with normal hearing or even a mild hearing loss, however, typically, the response disappears in 
those with hearing loss above 40 dB HL.  Brief acoustic stimuli are used to evoke TEOAEs (i.e. 
clicks).  Click stimuli generate a response from a wide region of the cochlea, typically in the low-
to-mid frequency range (500-4000 Hz).  Distortion-product OAEs result from the presentation 
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of two varying frequencies, which causes the cochlea to respond at several additional 
frequencies along a frequency range of 500-10,000 Hz.  Distortion-product OAE responses are 
typically within agreement to behavioral audiometric results in individuals with normal hearing 
(Martin & Clark, 2012).  An important principle regarding EOAEs is that they originate from the 
cochlea, specifically, the outer hair cells of the cochlea.  Therefore, present EOAEs do not 
indicate normal hearing along the entire auditory pathway; one would need additional testing 
to evaluate the function of these structures (i.e. tympanometry to test middle ear status and 
the BAER to assess the auditory nerve and pathway).  Lastly, normal EOAEs do not inform the 
tester of the subject’s degree of hearing loss.     
 
Otoacoustic emissions are frequently used as a test of hearing in newborns, infants, or hard to 
test (disabled) patients.  They are also used to monitor patients undergoing ototoxic treatment 
it which the medication used is known to cause damage to the outer hair cells of the inner ear.  
Otoacoustic emissions are beneficial because they help with the differential diagnosis of a 
hearing problem, or the means by which we differentiate between two conditions that share 
similar symptoms.  For example, one can have hearing loss (symptom) that is secondary to 
abnormal middle ear function (condition 1) or a sensory impairment of the inner ear (condition 
2).  The only way to localize the etiology of the problem is to perform differential diagnosis 
using a comprehensive test battery.  This concept provides justification as to why we cannot 
simply state that a normal BAER suggests normal hearing if performed in the absence of 
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additional tests.  In human audiology, tympanometry and EOAEs are routinely used in 
combination with ABR testing (Hall JW III, 2007).     
 
A limitation with OAE recordings is that they are highly sensitive to noise.  The collected OAE 
response is averaged with noise generated from the ear or external sources.  If the noise floor 
in the room is high, the output will be affected.  This could result in a false-positive response.  
Therefore, the use of EOAEs in dogs is limited, especially if they are unsedated.  Secondly, the 
probe tip for EOAEs needs to be placed all the way down the vertical portion of the canal to 
prevent noise artifact.  This can be uncomfortable for the animal if unsedated.  The practicality 
of EOAEs with canine testing should be further investigated. 
 
Another objective measurement warranting further investigation in dogs is the Auditory Steady 
State Response (ASSR).  The ASSR is similar to the BAER in that it is not affected by one’s state 
of consciousness.  It is an auditory evoked potential which provides frequency-specific 
threshold predictions over a short period of time, which may be advantageous when testing 
dogs.  It is an electrophysiologic response from the brain resulting from modulated amplitude 
and frequency characteristics of the stimulus, steady in both amplitude and phase relative to 
the stimulus (Scheifele & Clark, 2012).  The ABR is a transient response to a single transient 
stimulus repeated over time, whereas the ASSR is a continuous “steady-state” neural response 
such that the waveform follows the amplitude-modulated waveform of the continuous stimulus 
(Martin & Clark, 2012).  This modulated stimulus changes over time which induces brain 
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responses in coincidence with the modulation of the stimuli.  In order for the brain to respond 
to the frequency, the inner ear (cochlea) must be sensitive to that frequency or there will be no 
response.  Cone-Wesson and colleagues (2002) found that the ASSR provides similar estimates 
of behavioral pure-tone thresholds to the tone-burst ABR in humans, with less time needed for 
testing.  Being that the ASSR uses frequency specific stimuli, typically from 500-4000 Hz, it is 
suggested to be equivalent to the ABR Wave V when testing with frequency specific stimuli 
(Stapells, 2011).  Of further advantage, the ASSR allows for multiple frequencies to be tested 
bilaterally at the same time, making this a potentially efficient and practical measure for dogs.   
  
A limitation of the ASSR is that although it compares accurately to estimated hearing levels for 
moderate to profound sensorineural hearing loss, the ASSR may overestimate hearing levels for 
those with normal hearing.  Conversely, the ABR is a stronger measure of the type of hearing 
loss (if both air and bone conduction are utilized) and for those with normal to mild-to-
moderate hearing loss (Hall JW III, 2007).  A second disadvantage is that the subject needs to 
have a quiet state of arousal whereas our unsedated dogs typically do not.  Any type of 
movement can affect the results or provide an overestimation of the true auditory threshold 
level (Hall JW III, 2007).  However, if sedated, the ASSR can still be recorded without these 
limitations.  Nonetheless, there is a need for advanced research to determine if the ASSR is a 
practical measure for canines.     
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Additional options are available for assessing the peripheral and central auditory pathway in 
dogs.  The identification of the AMLR in dogs to assess higher order cognitive function offers a 
possible alternative of evaluating hearing thresholds using a similar evoked response, the 40-Hz 
Response.  The 40-Hz response was first described by Galambos, Makeig and Talmachoff in 
1981 (Hall JW III, 2007).  This potential is recorded similarly to the AMLR; however, the stimulus 
rate is faster which offers an advantage when testing dogs as the test can be completed in a 
shorter period of time.  The 40 Hz response uses a relatively fast stimulus presentation rate (i.e. 
40 stimuli per second) and fewer sweeps (i.e. 200) due to its characteristic higher amplitude 
components (Galambos et al., 1981; Hood, 1998).  It is typically recorded using a 500-Hz tone 
burst stimulus.  Waveform components of the 40-Hz response include four broad peaks across 
a 100 msec time window.  Latency remains fairly stable with a decrease in intensity, however, 
the amplitude of the response decreases as the stimulus intensity decreases.  To assess the 
presence or absence of the response, four peaks (cycles) of the waveform should be present 
repeatedly at 25 msec intervals across the 100 msec time window (Hood, 1998; Hall JW III, 
2007).  Tone burst stimuli are effective at eliciting the response and allowing for a frequency 
specific estimation of behavioral, audiometric thresholds (Galambos et al., 1981; Hall JW III, 
2007).  As described by Galambos et al. (1981), the threshold of the 40-Hz response is typically 
within approximately 10 dB of the subject’s behavioral threshold.  This test has not been found 
as useful in infants and young children due to the effects of maturation and sedation (Galambos 
et al., 1981), thus, would likely not be appropriate for puppies.  However, it offers practicality in 
establishing behavioral thresholds in adult dogs due its ability to obtain a response in a few 
seconds.  In addition, similar to the AMLR, the 40 Hz response is of interest because it evaluates 
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levels above the brainstem, specifically the thalamic region.  Factors that affect the response 
include age, sleep and sedation, thus, the dog would need to be awake and unsedated if testing 
with this event related potential (Hall JW III, 2007).  To our knowledge, the use of this test has 
not been investigated in the dog.  
 
There is a widespread amount of research warranted to comprehensively evaluate the auditory 
system in canines.  To establish any form of normative data with proper reliability and validity, 
future research needs to be developed on a systematic, consistent, and controlled basis.  This 
work serves as a baseline starting point.  There are extensive opportunities regarding future 
research with the canine population and several audiologic measures available for further 
investigation.   
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CHAPTER 8: Conclusion 
This dissertation serves as a pilot study presenting preliminary audiologic results.  Findings from 
this research are encouraging.  It is evident that normative data can be established if the 
research is properly executed, allowing for the development of standardized protocols.  This 
work emphasizes the need for large scale studies involving more subjects and equal sample 
sizes to demonstrate statistical significance.  To ensure reliability and validity, these studies 
need to be well controlled and systematically structured.  All factors need to be considered; 
subject, acquisition and stimulus parameters need to be consistent.  There are unlimited 
resources in the literature guiding this progression.  Normative findings cannot be compared to 
the published literature unless the stimulus, recording and subject parameters are the same for 
both testing and interpretation of the results (Hood, 1998).  This is an essential point and 
provides direction for future studies.  Without this consistency, it is impossible to standardize 
data to be presented in the literature.     
 
Equally important, it should be common practice that dogs are tested prior to noise exposure 
from training or wartime.  It has been widely documented and well accepted that noise 
exposure can have significant effects on the auditory system.  In addition, the development of a 
comprehensive, yet practical test battery is warranted to ensure the entire auditory system is 
being assessed.  It is inadequate to test a dog’s auditory system using only the BAER test with 
air conducted stimuli.  It is important to rule out middle ear dysfunction.  Lastly, researchers 
need to collaborate with one another from all different disciplines, sharing and expanding their 
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knowledge so that important concepts are not neglected.  For example, it is essential (and 
foundational) to understand the definitions of hearing and threshold, as they relate to 
audiology.  It is well accepted that the BAER test alone is not a direct test of hearing, and it is 
concerning that this concept does not appear to be well understood by much of the animal 
audiology community.   
 
To address these issues, perhaps the establishment of a research task force from different 
disciplines performing similar audiologic tests should be implemented.  The inconsistencies in 
the literature seem to be partially due to information offered from those with different areas of 
education, as well as different levels of experience.  Certainly, information taught from one 
doctoral degree is not the same as what is taught under another doctoral degree (i.e. DVM vs. 
MD vs. AuD vs. PhD), due to the training background of the profession.  However, animal 
audiology is multidisciplinary; the education includes animal science, animal behavior, neuro-
audiology, neurophysiology, audiology, electrophysiology, physics, veterinary science, and so 
forth.  The justification for all diagnostic techniques utilized in animal audiology should be 
addressed going forward and the formation of a task force could be the key in implementing 
these protocols.       
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